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THE ACCURACY OF PRESENT WAVE FORECASTING METHODS
WITH REFERENCE TO PROBLEMS IN BEACH EROSION ON
THE NEW JERSEY AND LONG ISLAND COASTS

ARSTRACT

ligtailzd weathar data and wave data for every four hours ware
nbiained from 22 April 1942 to 3 'y 1948, An attempt was made
te it ths ohssrved sigpnificant height and sipnificant paried to the
forscasted significant height and significant period within the
rengs ¢l asouracy of the weather data, It was, in censral, possible
to obltain good asresment betwaen the observed and forecasted
signiricant heights.

Varicus sxarples of the techniyuass employsd are dsscribed. In
partigular, an sast coast storm and a tropical hurricane are studisd,
[he dzts ware tabulated with refersnce to single valusd versus
muliiple valusd forecaste, and with reference to accepted wave fore-
castine mathods, and, as yet, thaorstieally unjustifisd sxtansione,
Since guod heicht amreement was obtaimad by a delibsrate choice of
ferecast parameters within the ranga of their possible values, only
the accuracy of the pericd forscast is diecyssaed,

i statistical suudy of the results obtained shows that the
forecasted significant periods, no matter what the method, are not
apourate and that bLhey ars net distributed according to the dis-
tribution of tha obsurved signifiecant periods. lcre acourate
forecasts weuld lsve bsen cbtained by making a simple climatolegical
forscash, that is, by foracasting the average value of all observed
significant puricds In all cases. Tobla 10 summarizes ths statistical
rseylis which wara oliained.

An ztiempt is made to verify the refraction diagram for Leng
Aranch, New Jersay, 1t is shown that the forscasted values for dsep
valer ware 50 inaccurate that verificztion of the diagram is not
pGSSiblau

The data are sulficiantly accurate, however, to permit the
guslitative disgussion of problams connectad with beach ercsion,
The direction of the littoral currsnt for wvaricus desp water wave
directions is discussed both for waves from a distance and for
locsl waves., Some of the affects of an east coast storm on the
stors line are dsscribed, amd fhe statistical proparties of east
coast storme ars given.



It {3 goneloded that hindcaste which sre mude in ordsr to ob-
tain statistisal data sbout waves at a piven locaiion may not be
acourate snough %o be worth the saffort dnvolved,

In addition, any protlem in gave action which depends eritizally
upon tha mave par*uﬂ camot be accurately handled by the prasant
forecaating methods,

Ssction 1 — Formulation of Problam

The problem investigated in this study can be formulated as
fellows, 0Oiven wdvs records talen every lfour hours at long Br:anch,
New Jersay from 4 pm 22 Aprdl 1642 to 12 midnight T May 1948, and
givan all availsble weathsr informetion for the abovs paried, app
ths vave forscasking techniques doveloped by Sverdrup, Mank (16,1%
and ritmr (1, 2) %o the weather and Sompers the forecasted values
with the ohserved valusz in nrdsr to determine 4f the forscasted
technique & work =nd if the forecasted valnas of wave helipght, psriod
and direction ecan replass the observed valuss in problams connscted
with bsach erosion. Thus this study iz not an attempt to forecest
ths waves: to the contrary, 4t is an atbempt to determine whethsr
or not -the forecasting tschniques can vield the cheerved valuee of
the wava varamsters civen the cholces pessible in picking ths fore-
casting neramstars due to ths limitations of the avajlable dala,
Evary effort was pade to gat the ohesrved and forscasted values To
agrae, and therefors the lack of agreement widch will be demonstrated
is in 2-largs pert the conssquence of 3 failure of the forecasting
mebhod .

Ssction 2 - Dsta Employesd

In order bto earry out this wave forecasting study, weather
data, refraction data for Long Hranch; and wave records at Long
Rranch were ghtainsd, The weéather data were most comprshsnsive
and represented the best possible weather coveraga of the Atlantic
(oesn and of ths sast coast of bthe United States near Iong Branch.
The refraction data consisted of the values which ware obtained by
Pisrzon (14) in = previous revort, The vave records wers obtained
by tha Beach Erosion Board.

T™e weather date consistad in psrt of six hourly weather maps
whizgh included the sastarn edgs of the Unitad Statss and the Atlantic
Uosan within a radios of ssveral thousand nsutiszal miles of Long
Branch. Two differsnt analysee of the weather data were employsd,
One set of wsather maps vas obbained from the Horth ftlantic Analysis
Section at e Guardia ¥ield through the courtesy and cooperation
of the Weather Burs=au., The sacond sat of weather maps was oblained
from the Ssarch and Rescus Saction of the United States Coast Ouard
through the cowrtasy and cooperatdion of the Coast Guard. Thus two



raps for each obsarvalion period were available. Since the analysis
of weather maps in part dapends oo the subjective application of
various analysis techsdyues, the two ansliyses varied slightly for the
same weathsr data and ths two mips were cowpared in order to obbain
the bast wave forsczsts,

In addition, the weather data comsisted of alrwey cbssrvations
at La Juardia Fleld, Floyd Bennett Field, Atlantic City, and Lake-
hurst Naval Adir 3tation. These obssrvations at sach station wers
usually made hourly, but if the waather was chaneging rapidly, they
were made more freguantly. The winds reportad in the airway observa-
Liong were gccurate to within one mile psr hour ard they proved to be
most helpful in forecastine wavas due to vinds ne2ar the coast.

The wave records were obbained at lLong Branch, New Jersey, by
the #each Erceion Board. Ths recording instrument was a step
resistancs gage developed by the Beach Erosion Board (4). Ths true
leight of tha water surface zs a funchtion of time was recorded. It
i& important o point out that low period waves mould not have besn
filtersd out by the procsss of racording btecause the instrument was
not a pressure~type refordsr., The wave recorder was operated every
four hours for saven minutsa, A discussion of the analysis of the
wave Jata will ba postpened until bthe next section.

The refraction data was obtained by the orthogonal method after
a study of the techniyues described by Sverdrup and Munk (18), and
Johnson, O'Brien and Isaace (11). Figure 1 gives the refraction
diagram for maves with pariode from three seconds to fourteen seconds,
The theory of wave refraction is based upon the assumpbion that the
waves are purely periodic. A discussion of this phase of the study
is given by Pisrson (14). Some conclueions as to the aceuracy of
Figure 1 are possible as a result of this study of forecast rethuds,
and they are given in section £,

Section 3 - Analysis of Wavs Records

The wava records were recordsd on Prush Recorder Rolls, The
Beach Erosion Board snalysed tha records for significant height and
period and furnished both their analysis and the original records for
the study.

The dafinition of significant waves as given by Sverdrup and
Munk (17) 4s basad upon a statistical analysis of the wave records.
Significant waves are definsd as vaves having the Maverage height
and peried of thz cne third hishesst waves." Phe above definition
at first appears to be preciss, but in reality the analysis of wave
racords according to the above definitiom is subject to considera-
able subjective inberpretation on the part of the analyst. Also the
definition itself 4is somstimesinconsistant and leads to contradict.
ory results in the evaluation of dher wave parameters.
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Considsr, for szample, the these hypothetical wavs records in
Figure 2. First, a decision a3 bo what is a wave must be made. I
the oocurrance of two sucesssive trourhs (points D and E) is called
a wave, there are the =2am@ number cf waves in both record & and
record B. Then theorstizally all the waves in the racerd should be
counted and the leight of sach oms should be tabulated, Ths highest
ong third of the heirhts ahould then be deterwmined and an zverags
taken of these heiszht values. Since thess ars, by construction, ths
game pumber of waves in both recerds, and since Lhers ars mors low
raves in record B, the sipgnificant helsht of the waves in the record
B 18 lower than ths significant hedight of the waves in record A, Now
ponsider record C. It might ariss if the waves in segments 2, 4, and
& of record B waers tos low to be visible on ths recerd. If C is
analyzed in ths sams yay that A and B were analyzed, there would be
only kelf the number of waves in ¢ as there were in A and B, But
also the percentags distribution of hedghts in C would be exaclly
Lhat of A, and the significant height of record C would be Lhe sans
as= record A.

The wave regords can be usad to evaluals the potential energy
of the ses surfaca disturbancs at a point averaged over bLime, and
it ean ba s38n Irom the fiemrs that the potential epergy of record C
is half of that of record &, Since the significant hejght 1= the
samé in both cases, it is avident that bthe signifizant height cannot
e used to gomputs the potential energy. Ceution is therefors in-
dicated on the use of the significant height as a measurs of incoming
wava ensrgy in theoretical work,

Recerds which appreoach record C in that the waves over 4 con-
siderable time intsrval are quite low do ocour and bhe subjactive
interprétation of the record entars at this point. The analyst
doss nob count all of the low waves. in oprder to detsrrine the one
third hishest, and =0 in gensral the reported significant haight
iﬁ tﬂ"ﬂ hi.gho 4

The significant waves reported in this paper wers a2nalyzed by
counting the total number of waves present (except possibly the
very low waves), dividing by thres, tabmlating Shat number of high
waves, and computing the average height. BSome mot checks of the
reported hei phts wers made before proceading with the forseast atudy
and the =nobt check values apgraed with the Peach Erosion Bourd's
valugs so the height data which they furnished were used,

As the ferscasts wsre carrisd out, thay were thras sigificant
height observations which could not be fitted to the height fore-
casts whersas usually the heipht forscasts could bse mada to agree
gquite successiully with ths observed heights, T[Thess three observa-
tions were checked, and in 2ach gase it was fouhd that probably
some computation or tabulation s2rror had been made, The sipgnifi-
canl heights were correctad as follows:



TABLE 1. CORRECTSD STANIFICAND HEIGHDS

Tmia Time Yalue worractad Uslue
2{: -1 ,'.'JI' L} r't-'r_ri H.IIJIT‘ Eiﬂj ft'- Ti:l-'-D rLﬂ
8 my 12 moen LadlT. LSl TE, T.0F IL,
- ".“!5" -&. ﬂlml ;;i.utTo -.I"-:[{; fti' :i.?} it’l

fhe anglysig of wave pariods s2ems bo be eublect bo zven wre
enblestive interpratation on bha part of thy analysh., BSomz ra-
rords will be discuesed in saciicn 7 shich show two pericds supsr-
imposed as fn curve A of Pioure 2 and ib will alse ba dhown blan
froquently ssveral vave frains csn be lorecast to zrrive simultana-
ourly-ard that the supsrimmosed perlcods sannot Lo saparated oy
anslysie,

wvah Tien Chs wsather situation shows hat only vng wues trzin
should arrive 2t Lone Branch, some of the wavs recerds ars Jidfi=ult
ho andlyza bagsuga of thelr avbrome irvesalarity. Consider for ex-
ampla tha vemzininz two hypothetical wave resovds in Meurs 5, Lurve
i pressnts on2 Lype of problem. Are ble small irregplaritizs st (7).
(2) and (3) te b2 considersd as waves or i the major trand reprssscc—
ad by (5) to be considerad & wava? If (1), () snd (2) are avararad
with (2) ael (&), 8 low value for the pericd resulbs, If ths small
irregylaritiss ara irnorsd and (8) is averagad with (4) amd (&), &
bigh valve Yor the pericd results. Finally 1f only (4) amd (£) =re
sonsiderad, a modarats valus ol Lhe period resulis, And as ssbg =¢
mles poverning suoh situs bions ars dafimad, scwsthing like (7) wesurs,
andd the rulss fail to work,

In record O, Lhe high waves have shorter psriods and the low
wavas have lonzer pericds. If (1) and (2) are averassd, one value is
obtaieeds if the low vaves are amonz the third hishezt, and 12 (3)
and (4} are ayeraysd vith (1) and (2) 4 different value ie oblainsd.

sz the test forecasts progeedsd, it bazare svidant that the
signiffizant periuds wers not keing foracasisd zccumbely. So ke
wavs regords were re-amlyzsd for waluss of the significant perlcd,
A lev rocorde lila pecord A vers delested. Fsecords liks redord B
wairs apvounterad must freyusntly., In the indepandent re-amulysts,
e ten highest wost "wawa-lika" vaveg In the recerd such 28 (4)
and (&) in Byars sslscted and their pericia were moasurad, lhe
averdape of the ban was cslled the wave project significant peried,
Uhe valuts ohbtaired arse gmphed in sseidon T aloge =ik thoss
tatulated by the Buzch'drosion Reard, Ib 4= peb claimed that the
ra-gnelyzad valuas ars wore soourabte. The re-anslysis was mudz
vibh the hope that the forecasbts ler the pariocd would verify better
mibtk tha new valuss.
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FIG.3 HYPOTHETICAL WAVE RECORDS TO ILLUSTRATE THE DIFFICULTY IN
EVALUATING THE SIGNIFICANT PERIOD




Section 4 - Sources of frror is Osia
Ll
The weatirer data, the wave data, and the refraction datg ars
all irdefinite to & cerlain extent, Thay ars measursd or computed
values and hence thay can be in efdor, In addition, ths weather
data, by the way in which it fs reparted, can lead fo srrors in the
wave forecasts.

The sourcss of srror in Lthe wave Hata analysis have already
baen pointed out. The sources of error in the refraction diagram
ware in part discussed by Fisrson (14).

In addition %o the sources of error in the refraction dia-
gmm, arrors in the forscast valuss dus to refractlon could also
snter beaause of inaccurate valuss of the deep water vwave dirsction
or bacanse of inacourats valuss of the period. The srrors which
enter becaunse of inaccurats dasp waber wave dirsction can be mini-
mized and the arror dus to incorrscht pericds can bes evaluatsd o
a cartain extent, The methods of accomplishing the above are dis-
cussad in section 5 and section 8.

By far the greatest scurce of wavs f{orscast errors liss in the
mturs of the six hourly weather meps., To obtain a forsecast,
a fatch must be determinsd; the wind direstion, speed, and duration
must ba evaluated before the forecasting graphs are smploysd. In
the forecasting method it is assumed bhst effectively the wind
starts btlowlng at an instant of tims and blows at a conmstant
velocity for so many hours and s tops instantanecusly, Variocus
empirical rules have been put forward for averaging variable
velocitias to get ths singls velocity value nesded for the forscast
(see Arthor (2)), Effectively ths rulss weight the high welocitiss
more than the low velocitiss,

The present six hourly weather maps pormit a range of choices
in determining the nesded paramsters for ths lorecast. The dirsctien
of the winds over the fetch is reported to only 16 points of te
compass, the winde are reported in the Peanfort Scale (see Berry,
Bollay, Besrs (5)) with a range of possible veloeitiss for each
code symbol, and the duration of the winds is of course indeter-
minate to within six hours at btoth the start and the stop of the
winds.

For examols, suppass that four sunccsssive weather meps report
northeast winds of strength Beaufort six over the given arsa of
the ocean, and that the weather maps both bafore and after show
light winds over the same area, The dirsction of the winds can
be any value from %° sast of north to 57° east of north, The
wind velocity can be any value from 22 knots to 27 knots. The
duration can range from twenty four hours to close to thirty six
hours fdepanding on the time chosan for the starting of the winds
bafors the first of the four maps and the stopping of the winds
after ths last of the four maps, The range of values possitle
in the forscastzd height, period, and direction is therefors very
1&1'1;3- .



Freguently it is possible to restrict the range of tha above
méntioned wvaluss by other considerations. A oheck of the movemsnt
of a storm canter can determine tha duration mors ascurately.

If half of bl ships in the ares report Beaufort & and half report
Beaulort 7, then a better sstimete of the wind speed is 27-28
knots, If the fetch terminates apzinsi the coast, bthe hourly ob-
servations of coastal staticns fix the duration to within an hour
or so and the veloctiy to within a knob,

Considerabls altention 48 given by Sverdrup and Menk (17),
frthur {2) and Zmmons (7), to the problem of the computations of
tha winds over a fetch from the isobar spacing and the mostrophic
wind, Thig problem was not ancountsred in thie study becauss the
ship reports ware usually dense sncugh to obtain the wind voloeitiaes
directly within the agcuracy of the Beanfort Secals. In addition
in the devsloping east coast storm the non-gaostrophic wind com-
ponante appeared to e 8o largs that computations based upon
geostrophls winds would kave been highly doubtful.

411 of the ahbove sources of srror were minimized to 2 large
axtent by the techniquse used in the preparation of the test
forecasts, UHowsver, there is one ramaining baslo inconsistency
between the foreczet methods znd ths actual weather situation.
It is that the wind field varies continuously in time and space
{excepl peasibly at shear lines 2nd fronts) and many times it
seemad to be 2 highly artificial precedure bo split up bthe wind
fisld into arbtitrary gereration and decay arsas and to dacids
upon constant wind spesds and definite durations,

Section 5 ~ Forecasting Methods Employsd

The usuwal forecast techniguas as deseribed by Sverdrup and
Munk (17) and frihur (2), were employed in the praparation of
the test forecastis, The paper by Artlur (1) on the varisbiliby
of wave direction proved Ho be most helpful. In addition, two
types of weather sibtuations aross frequently in which the tech-
nigques given by tha above aubhors did not ssem applizable, and
two new unproved methods wers adoptad for forscasts for thass
situationa,.

The forecastine charts that ware used for the test forescasts
ares found in ®Revissd Wavye Forecasting Graphs and Procedure™ by
Arthur (2), Plates I, II, II1, IV, and ¥ wers vsed. The procad-
ur=s described for following and dpposing winds were used when-
ever applicabls.

The peper entitled “Tariability in Hrectlon of Wave Travel¥
by Arthur in combimation with the refraction diagram given in
Figure 1 mads it possibles to explain the cccurrence of mny wavas
which otherwise conuld not have been forecast#. Reference %o the

#8e8 also ths comments by Donn in the same reference and the
paper by Domn (6) in the A.G.U.
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refraction ddagran shows that waveg with periocds from 8 throuch

17 s=zonds (for 2yampls) ars stronely sttenuated by refraction urlass
they appreask Irom dus =ast or from an ssimuth-of

1507 . In addition without Arthur's results lozal winds tfrom the
south scuth west would not be swpacted to produce vary high waves

&% Loz Branoh.

Arthur's conclusions md the alisnment charb which he pgives
(Figure 4 of vafsrence 1) maks it possikls to maximizs the fore-
cagted wave heicht by bringing the waves in from & desp water
direction of eithsr dus sast or from an azimuth of 150 for the
whol2 rangg of possible wind directicons from sast north sast to
south south wast if the febtsh berminates against ths coast, Thus
if the femscast pepicd is high snough Lo yield very low values of
EgD for say wsves Ifrom the soubthesst, it is posgible fo Lring the
waves oul of tle fesbeh at an angle of forty-five dsgrees (with a
reduction of mly 10% or so in the pariod and 40 to 50% in tle
height) and use the refraction value for wavss from dus east. Low
perind local wind waves from south winds can also be brought in
at an angles of 300 to the fetch and the attenuating effect of
refraction thus minimized.

For distant fetches, of courss, such freedcm does not sxist,
ut Arthur's results permit tha detersdnation of many distant
fetches which ctherwiss could not be used to forscast the arrival
of waves at Long Branch. For axample, strong northsast winds in
thie area pnorth of a line running due sast of the southsrn tip of
Jape Cod occurred frequently. Yere the waves to travel in the
direction of the winds, they could not reach Long Bramch, but if
the fetch penstrated & 1itlle to the south of Cape Ced, it would
thEn be possible %Yo brine the waves out of the fetch at an angla of
45% znd bring them in to Long Rranch from dws east. The above con-
siderations frequently sxplained waves which could not havs been
gxplained in any obthsr way. The application of the variability
in the directicn of wave travel to specific cases will be diescussed
when the forecasts ars discussed.

In addition to the atandard technigues just dascribed, two
new procedurss had to be employed in order to explain waves which
gould not bas explained by praviously kncwn matheds., The two pre-
gedures wars adapted te sceount for the dacay of waves in the
fateh and to zcoount fer the effescts of turning and increasing
winds in ¢lose-by rapidly moving sast ccast storms.

Una weather situation which ccourred quite freguently might
be descrived by the fellowing example. OSuppose that thare ware
east winds off the coast of lew <ersey sxtending over the Atlantiec
to distances of ths order of five hundred nautical miles. Suppose
that the east winds last for say, thirty hours, =nd then dis out
suddenly. The usual metheds permit forecasts of the waves up b0
the time that the wind stops Hlewing, bub just aftsr the wind
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stops, the ocean out to distances of five hundrad naytiss)l milss is
covered with maves travaline loward shore. Now, the Sverdrup-Munk
theory states that, except for Lhe last elashty or so mllss of the
felehy the same sipgnificant waves will be found over ths sntire
fetsh, but it does not tell us what waves will be obgarved at the
and of a fateh several hours aftsr the winde over the fstoh have
ceased, In the above situation, it is expected however, that waves
will continue to be cbasrved for quite a while after the winds have
csased,

It should alsc bz notsd Lhet tis entire theory of the desay of
waves is based upon ths valuss of the significant height and
period at the end of the fetch, A situwation exists therefere in
which ths present theory is not applicable. For the prepatation of
the test forscasts for this pasper, the significant wavse at various
distances from the shora were decayed that distance to ths shors.
The area was treated as if the originmal fatch had terminated at
say, fifty miles from Lhe coast, and a foresast for the waves, say,
four or five hours aftsy the winds had stopped was obtaimed. Then
the waves one hundred miles from the coast wers decayed that distance
to the shore and a forecast for the waves eight or ten hours after the
winds had stoppsd was obtained. By exhausting the entire fetch (with
proper regard to the fact that the length of the fetch and nob the
duration of the wind was the limiting factor at ths far end) it was
possible to obtain forecasts for waves which could not otherwisa hawe
besn foracast,

The desay in fetch method has besn used on the west coast as a
general procedure when Situatione similar te the ons described above
arose. Ths method will te described in a forthecoming publication
by the Hydraographic Office. Ths Mdecay in feteh? procadurs has
apparently not besen justified thsoretdcally. An exaspla in which
it was used is given in the following section, and a statistical
gnalysis of the results obtadned by its use is given in sscilon 7.

Finally, during the passage of an east coast storm, the winds
might be southeast 20 knots for 15 hours, then sasi south sast
27 knots for 9 hours, and then east 39 knots for 4 hours. The wsual
procedures for averaging did not seem to be appropriate and so a
meShod was developed which gave good resulis for the heights but
which lsd to inconsiztancize in the perded: Ths method for se-
counting for turning and inereasing winds will be described when
the forscasts for an east coast storm are anmalyzed,

Ssction & - Forecast Tschnigus and Soms Examplas

As tha test forecasts were attempted it scon becams svident
that it was sxbtremely difficult to hit the peried forescasts. Or,
to put it another way, to obtain valuss near the obsarved sisni-
ficant period would require ths nss of winds outside of the possible
rangs of the mported values or would result in tremsndous dis-
crepancies in the reported heights. On fthe other hand, it usually
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saemsd Yo be possible to phtain a valus for the significent height
which was slo2s to U obeerved valvs by 2 cholce of the forecast
parametsrs within 1hs rangs of thke possible reporied values. The
procedurs thet was'geed in all sases, Lien, was to attempt to fore-
cast the heighis =3 clossly as possible, If 4t wad possinle to get
good apresment in the perdods dlso withdubt too great an error in the
heipht, it wes dona, The results which follew can ba vonsidered to

be a study of the error in the forecastad psried afler sn attempt

o ot tha best possible hedght foresust, If the forecast method
wopks parfattly, the best possibvls baight forscast alse implisg the
best possibls period forecast, 1II the foregast rethod work imperfeci-
ly, the sbova procedure throws the major part of the error into arrors
in the forecast psriod and thus magnifise thoss arrors,

Mnen ths lerscist paramsters weys indelerminatse, say, for a
diotanoe storm, considerable labitude was poseible in bheir choles,
On the cther hapd, shen bthe fetch terminmated apainst the coast, it
was yeually found the b the comstal hourly observations fized for
foregast perarmsters wllhin a very small range of waluss, Fre.
guently undsr bthess condtiians the heizpht forscasts were still
good and the pericd forecasts wers of £,

Figures 4,5, b, and 7 are graphs of the forsvast versuz the
observed values of the significant height and paricd. The top
graph' in each figure gives the values of the [lorscasted sigmifi-
gant period, the Beach Erosion Board significant paricd, and the
wavg project sigificant period. Ths bottom grmaph in 2ach figure
gives tha walusg of fhe forecastad significant height and the ob-
sarved mignificent heipght. There multiple Weight forecasis occowr
the 2arosses represent the square root of the sum of the sjuares of
the indiviidual forssasts, or what will bs referred to as ths root
mean square height,

A study of the forscast graphs shows that 1t was gensrally
possible %o coms very closs Yo the observed halghts in the fors-
Gastes leights, Tt was not possible te pget forscasts for 20 May,
4 aum. thrsugh 8 pum. and for 22 May, 8 a.m, thropgh 8 p.m. There
did not ssum Yo be any possible fateh anywhere which would leve
caused e cbeeryed waves. The reperted waves were aboubt two festi
high, The2e nine c¢s583 are not ingluded in sny analysis of the
regalts which follow, It is alsc evident that there are definits
farecest trends in the height., Thers mers two well developad east
cosst storms during ths pariod and a third which was nobl quite se
invense. Thess sharme caa be picksd out easily on the graphs.

The grephe of the forecast peried versus the (two) obssrved
periods are alse of interest, The Beach Lrosion significant
period is &lmost alwaysy higher than the wave preject aignificant
periocd. The varioua’ssgments ¢of the curves which represent ihe
ferecast period sre sach basad upon a separate forscast unit, 1.2,
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a distant fetch 3pd the other [lorscast paramsbers associated with it
—ach segment is vsually a continuously increasing curve which
terminates when Lhe forecast heiphts become too low to amount teo
anybhing or possibly when the fatoh is exhausted in the casa of a
situation in which decay in the fetch was used, Onse difficulty in
the pressnt forscasting methods seems to be that once the process

of forseasting for a given fetch is started it bscomss almost
impossible to forecast non-increasing or dscreasing perieds if the
fetoh is fzirly long.

The trend in the observed value should alse be noted, There
ars definite trends in the heights which sometimes persist for
saveral days, and it was osually possiblea to see how they could bs
associated with the major meteorclogical changas. The trends in
the obssrved periods are mugh less pronounced and the values ssem
to fluctudtie much more rapidly from one obssrvation to the next.

Finally it should be mentioned that six observations per day
are reported, The observed values ars therefors 'dense in tilms,
and it is possible Yo study the uild-up of waves in the fetch
and other points of Intersst, Less frequent cbservations, say,
twice a dsy, would have made the problem of besting the forscast
methods much more difficult, Conbinuous racerding of wave records
such as reported by Isaass and Saville (10) would have helped in
datermining the time of arrival of waves from a distant fetch,

The techniques amployed in carrying out the forecasis will now
be discussed by describing actusl sxamples of the methods summarised
in Beetdon 5, 1Ihe sxamples to be discussed in ordey are: (1)
Example of the [ecay of Waves in the Fstch; (2) Bxamples of Vari-
ability in Direction of Wave Traval, (3) Example of East Coast
Storm, Turning and Increasing Winds and Associated Wave Records,

(4) Exampls of a Hurricans and Associated Wave Records, (5) Examples
of Superimpossd Wave Foracasts and fpssociated Wave Records, The
purpese in discussing these examples is threefold, PFirst; the dis—
cussion shows how the forscast technigques are applied., Second,

the new techniguss described in Section 5 are of interess, ‘l‘h:Lrﬂ
the ‘iscussion will in part help to substantiate some of the con-
clusions which are made in the following sections.

1. Kiampls of the Dscay of Waves in the Peteh. A well de-
fined examplz of the ocgurrence of such a situation was found on
April 27, 28, and 29 during the passage of 3 not-too-intsnse east
goast storm aa illustrated in Pigure 4. The {irst saw footh rise
in wave heicht was causad by twenty-knot northeast winds from 0400
to 1000 on the 27th. The fetoh (limited by long Island) was short
and 'Lhe waves disd out rapidly as scon as the winds stopped, The
second saw-tooth riss in waves hslchl was caused by twaniy-two-knot
south south sast winds from 1400 bo 2400 on the twenty-seventh,
There was a 1lull from 0000 te D400 on the 28th.
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Tha 0130, April 28th, snoptis map shows a smll low passing
Hatteras with an open metsorclogical wave in it. Tha wave devsliop-
et over the ocean snd moved Iim such & way that it was poasible
Lo find a fetch with east south east winds about fivs hundyred
nautical milss long, tsrminating at Long Branch, The coastal wind
faports combined with the syneptic maps indicatad that ths effscitive
start of the winds would bes GLOC EST and that the effective =nd of
the winds would be 1500 EST: The cosstal winds and ths ship reporis
Gver the arsa indicated that the svsrage wind velocity was 213 mobs
throughout the above time interval., The 1920 synoptic chart and
the ones whick fellowad it showed that the "low® had moved rapidly
during the past six hours, that the winds over the gart of bths fatch
nearsst the coast were light and nearly parpendicular to the origimal
winda over the fetch, and that no new fstch had bsen formed which
sould sxplain the observed waves ={%er 1500 ST, Thus in ordar to
forscast the waves at Long Branch up to 1500, the following tabls
was prepared.

TABLE 2, BUILD UF OF WAVES PHOM 0400 APHIL 28 TO
1500 APRIL 28. WIND 23 XNOTS DIMECTION ESE

Muration He Ral H, Pariod Time
4 hours 5.8 35 65 Fud G800 BST
& hours TG «923 p i L 1000 - BST
8 hours 8.0 W92 Ted 4id 1200 BST

11 hours 8.3 Al 75 L9 1500 A5T

(Notatlon: He, Significant Height at fnd of Fatch, REF, Eefraction
Coefficient; and H, Sipnificant Height after Refraction)

The forecasted haights overshot the obssrved hsights by aboub
seven-tenths of a foot. The problsm, though, i= how to forecast
the wave hei ghte after LS00 EST. The decay in fetoh method seemed
te be tha only possilbls way to forscast the waves after 1300 EST.
Accordingly; it was assumed that waves with & haipght of 8.3 fest
and 3 pariod of 4.9 seconds sxistad over the en¥ire fetch sxcept
at the far and., Than ths waves fifty nsubicel milas of fshofe were
decayed that distance t0 ths ceast, By increasing the decay
distanesd by fifty nautical miles increments, it waz possible o
forecast waves until Aprdil 30, 0200 EST. Table 3 shows the forecast
parameters which had to be evaluated in carrying out the above pro-
sadure.,
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TABLE 3. EXAWLE OF WAVE FOREJAST BY THE DECAY IN TEICH MUTHOD

Wayes 8.3 ft. hish with a 4.9 ‘sscond period over tha
fatah at 1500 4pril 28,

Decay Mstance  Hpfii Raf, Travel Tims Hy T Tine
50 79 G2 & hrs 6.0 5.4 2100 Apr 28
100 .60 92 11 ks 4B 5.5 0200 Apr 29
150 $50 .93 16 hrs 3.2 6.3 0700
200 L2 - 19 hrs 2.3 A8 1000
00 SR .92 26 hrs 2.4 TS 1700
350 29 26 29 hrs 2.1 8.0 2000
400 26 .85 ¥ hrs 1.8 8.2 230
450 «22 80 35 hrs lad  B.6 0200 Aor 30

{Notation: Hi/Hp; Ratio of Significant height of waves after descay
to signifiicant beight of waves at the end of the
fetchy Tp, period of waves after dscay, Other
notation same as in Table 2)

Note that in Figure 4 and Table 4 the forecasted heights follow
the obssrved heights throughout the entire period of the brsgast, If
aither the Beach Ervsion Board or the ffave Préject significant perieds
arz usad as a ¢heck on the forecast periods, neither ong agrses well
with the forecast periocds. The forecast periods 1is betwsen the
spread of values of ths observed periods, When the time of the fore-
cast did not corresspond %o Lhe btime of the cbservation, the forscast
valuss were interpolated linearly for the statistical amalysis in
Seetion 7. Table L gives Lhe obsarved and forgcasted valuwes for
the sxample discussed,

TABLE 4. OBSERVED AND FORECAST VALUES FOR THE
EXAWPLE ©F THE DECAY IN FETCH METHOD

Ohearyad Observad Forscast OQObsarved FPoreoast
Tims RER Sig., TWave Project Sig. Sig. Sig.
Pardod 8ig, Period Pariod Halght Eeight
A 28 0BOO BST 6.5 &b 543 6.82 &.67 (HMSY*
1200 EST 6.6 4.7 hid 6.76 T4
1600 EST 7.4 4oty 5.0 6.86 TulS
2000 EBT 7.5 S5ad Sa3 b.55 6.25
2400 ESY B4 5.7 57 5,52 520
A 29 0400 EBT 7.4 5a7 6.1 2.97 (AN ¢
0BOO EST R.2 5.5 B.5 3.51 2,63
1200 BST 7.5 f.2 7.0 3.50 3.0
1600 EST 7.4 5s5 7 sde 2.5b 260
2000 EST 7.5 5.6 B.0 2 .20 210
2400 BT 7.7 5 de3 2eR2 1.67
L300 0400 BST b4 Ged Ba3 1,94 1.27

#Spe Section 7 multiple valued forezaste,
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If wavses continue to coma oub of an ar=s in wnich they have
besn gensrated after the winds have csased over ths arsa, thsu
some additional theorstical investigation of their nature is needad.
The above sxamples shows one case in which a weathsr situstion in-
dicates that such consideraticns are the only possible way to sx-
plain soms of the wavss which ogsur in nature, In order to be
consistent in this study every case in which a decay in fetch situa-
tion arose was treated in the sams way as ths one described ahbove.
In so doing, many waves werse forscast which could not otherwise have
been foracast and additiocpal situstions in which multipls forecasts
arose wers sncountearad, The lines over the height graphs in Fipures
4y 55 6, and 7 show those freecast values which were oblainsd by
the dscay in fetch method, The accuracy of the method will be dis-
gussed in Lha section which follows.

<+ Bxamplas of Variamility in dregtion of Wave Travel. An
example in which the variability im dirsction of wave traval had to
be considered was found on &prdl 21, April 22, apd April 23, On
April 22, thare had bssn northeasterly winds in the corner formed
by Long Islard and the Hew Jarsey coast, bubt at sbout 1400 the
wihds died eyt ravidly and bthers wers light winds incapable of
raising the high waves which were observed. The values for the
local waves arg plotied for April 22, 1800 and 2000, East north
sasterly winds were also blowing in a band fifty to on2 huadred
nautical miles wide to the south of Nantuckst.

On April 21, 1930, the winds appeared to start with a farcs
of Bzaufort 5 and they lasted wtil April 22, 1930. On tha next
six hourly maps thay had fallsn off to a spsed of 11 to 12 imots,
and thersafter a hich dominated the area and bhe winds were light.
Figure B portirays the above fasts pictorially, It also shows
that the major wavs train moves on past the area of intsrest, and
that the way to forecast for Long Branch was to bring the wavss
out of tha generating area at an angls of 30°, Tabla 5 shows the
various forecast paramsters which were evaluated in order to carry
it the lorecasis,

TAHLE 5. EXAWPLE OF VAHIABILITY IN DIHECTION OF WAVE TRAVEL:
ecay Distanca 170 WM. Fetech 420 WM. Winds start
at spril 21, 1930, Wind speed 25 knots. Duration

18 hpurs.
g = 1° 170 NM Decay Forscast
Duration B, Hg/BF Hy Hp/Hg  Travel Time BRef H,
T To/fy Tp %D T
. Time
6 hrs B .87 7.0 35 20 hrs 96 2.35
b4l 95 3.9 5.9 59
Apr 22 2130 EST
12 hrs 10.1 274 85 A 18 hrs .98 3.90
504 96 5.1 b8 £.8
Apr 220130 E
18 hrs 11.8 82 Q.7 + 55 17 hrs 1.00 5.3
562 t% 5:9 7-5 7-5

Apr 23 0630 E



(Wetation: Hg/Hy, Batio of height of waves at &0 to fsteh to
haignb of waves at 09 to fetch. Tgf‘r Ratic of period
of waves at €% to fetch to period of wavea at O to
fatah, /g, Batio of height of waves aftsr dscay to
height of waves at &7 to letch. Ty, periocd of waves
after decay).

In order to obtain forecasts after fpril 23, 0630, it was
necessary to combine the theory of waves coming cub of ths fetch
at an angle with the concapl of dscay in the fetch. The observad
heights fluctuste considerably and the forscasts agree only near
the pzaks. The periods sgrea fairly well,

In zddition %o situations in which waves camg oub of a distant
fateh at an angle, Arthur's results were ussful for forecasting
local waves. For example, on May 9@ and May 10 there wers twenty
knot windz along the coast which were soubth south sast from 1200
Mey 9@ through 1600 I_Ta} 9, south from 1600 Yay 9 through 2000 May 9,
and scuth south west from 2000, Way 9 through 2000, May 10, The
eight hours of sauur south sasterly winds and south winds werse
gdded to the duraticn of the south south westerly winds in the
computation of the waves during the time that tha south south west-
erly winds were bLlowing. The refraction diagram at Ieng Branch
{Figure 1) showa that pure wave brains from the south south mest
would be strongly attenuated by refraction, but Figurs B shows
that the large scale orientation of the coast permits the zenera-
tion of waves by south south westerly winds over the area of the
ocean Lo bthe south of Long Branch, By bringing waves out of the
generating area at an angle of 45°, the effsct of strong atterma-
tion by refraction was minimized, and the forscast values graphad
in Fipure 5 wera obtained. Tabls & shows the various paramelers
which were evaluvated in order to carry out the forecasts. If the
waves had been traveling only in a south south westerly dirsction,
btheir height at long Rranch would bave been less than eight tenths
of a foot., In this casa, the choice of aither 30° or 45% wounld
have been possible and essentially the same results wonld have
ba-an obtamad in the heights because the increase in the waluss

- would have been compensated for by 2 decrease in the
rei‘ract on coafficient,
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TABLE &, EXAVPLE OF LOGCAL WAVES IN VEICH THE VARIABILITY
IN DIRECTION OF WAVE TRAVEL WAS CONSIDERED,
Winds 20 kmots, 55W &b 2200 Mey 9, affective
duration 10 hours,

g = 450 Forepast
H
Duration Hy  He/ip H Fie f o
Ty _ Pe/TF T Time of Forscast
10 hourz  &.3 60 3.8 .85 3.2
4ot G2 440 4e0
May § 2200
12 hours 6.5 «59 3.8 B2 3.15
AR 91 A 4o
May 9 2400
16 hours 8.0 .58 A LBD 3.7
53 IL 4a 448
May 10 0400
2 howrs 8.0 Y 4.6 .78 3.6
ﬁlg ll‘{_:;o 51} . 5".}
May 10 1000
32 hours 8.5 55 4aT R A
b « 20 6,2 b.2
Maw 10 2000

(Notation: Hg/Hy, Ratlc of height of waves at &° vo faich to
neipht of waves at 0° 1o fetch. Tg/Ty, Ratio of
veriod of waves at 6° to fetch to period of waves at
{F %o fetch,

3, Example of Fast Coast Storm, Turning and Increasing
Winds, and Associated Wave QNecords. Two typlcal east coast stoms
oceurred during the period of the study. One ezst ¢oast storm
affected Long Branch from May ¢4 through May 8 (Figure 5). The
second east coast storm affected Long DBranch from May 13 through
Mey 16 (Figura £),  The sarlier storm will be discussed in detail,
and then mme of the interssting differencas between the first
storm aorfl the sscond siturs will ba described,

Flgoe= 9 18 n two papgs summery of the weather maps which are
of intarest in the study of the storm. Ten six-hourly wmeather
maps of Lhe arez of iantsrest from May 4, 0730 through May 6, 1330
ara shovn. The hourly wind obssrvations st La (uardia Fisld
during the same period are slso piven in Figure 9. The hourly
winds at la fuardia are representative of the winds immsdiately
offshore from New Jerseay throughout the length of tima considered
(although sometimes when fronts are in the area they are not re-
presentative ),
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The map for Yay 4, 0730 EST shows light wariabla winis over
the area of interst, Ths wawygas at Long Rranch at that time wors
caused by miner winds which cccurrad on the third of “ay.

The map for May 4, 1330 257 shove that the storm of intsrst is
Just entering the weslerp gide of the map and bthat the warm Cront
asscciated with the storm is about 150 milas south of Cape Hatteras,
South =outh sast ninetsen kool winds wers reporiad at La Guardia
from May 4, 1100 E to May 4, 1600 £ but bhey disd out again aftar
17C0.

{he map for May 4, 1970 Z8T shows continued advance ssstward
cf the storm. The reported winds in the msirhiborhood of Tong
Pranch are rather light and very considerably in direction, Since
the nineteen-krnot winds mentioned above have disd out, the waves
gensrated by tle wirds from May 4, 1200 to 1700 wars permitted
to die down and the truve bulld-up ol the waves at Long [Hranch wers
monsidsred to have started some Lime after May 4, 1700,

'he map for May 5, OL30 EST shows that the approaching stomm
iz an ogelusion with a2 small wave in the warm {ront sector. The
three reported oconstal winds in the area of inbtersst are southsast
Zzauflort threa, The hourly ohsdrvations of coastal winds showed
that the windg are frequently stronger bthan Basaufert threse =specially
to the south of Long Franch. The ischarie pattern indicates that
the winds over the fetch were southeast over the sensratinz aypea,

The map for May 5, 0730 EST shows the storm to be centered
near Cape May, New Jersey. Reported winds over the area of intersst
gres east Bsaufort 7, 5, and 4; sast south sast 7eaufort 5, and south
sast Beaufort 4, ILa Cuardis reperts dominately sast south 2ast
winds from 0400 to 0B00. The map sugpssts that ths winds over the
generating arsa should be east soubh sast, (Fote the large non-
geostrophic wind components, )

The maps for May 5, 1330 and 1930 EST, shows the center of
the storm moving off the coast, MNortheast winds are reported at
the toast, mt strong sazst Beaufort 6 winds are reported offshore
at 1930.

Tns reported significanmt wave haights incresase until May 5,
2000 EST. Then the wave height drops three feet in four hours.
The sscending portien of the helght curve will b2 examined {irst,
The winde over the gererating area changs gradually from sonth sast
Beaufort 3 to sast Beaufort €, The problem is to adapt this gradual
change toc the constant wind, constant direction mzthods which are
necessary in ths forecasting theory. By study of all tke east
coast hourly observations, mentioned in ssction 2, by study of the
wizather maps dsscribed above, and by adjusting the [first wvalues
chesen in order to get & batter height forecast fit, the following
possiblae averags wind fiald was chosen:
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1. SE 12 knots Miy 4 2000 E to May 5 (200 E
2, ESE 21 knets My 5 0200 £ to sy 5 1200 E
3: EZ27 knots My 5 1200 E to May 5 19 &

At the and of tims interval 1, the forecast waves were 4.8
feet high with a pericd of 3,3 seconds, It was szsumed that the
east south ¢ast winds would continus Le increass the height of the
waves and that ths wave direction had thanged gradually until the
waves wars now Lraveling toward the west north west, [Iwenty-one
knot winds would have raisasd waves of the same hsizht in four hours,
so four hours were added to the duration of the sast south sast
winds and the build up of the wavee was continued. Twanby-one knot
winds for four hours o mot raise waves with the same sipnificant
period as 18 kmot winds for 6 hours and thus the forevast signi-
ficant pariods are hnot consistent,

The follewing table zives ths procsdurs and the paramiters
which had to be evaluated in ordsr to forescast the waves 2t Long
Branch.

TABLE 7. EXAMPLE O} FORECASTS ¥OR TURNING AN D INCREASING
WINDS,

For 2h (#4h) = 6h, read true duration plus
correction aguals effective durstion.

(Notation: Sams as other tables)

L)

Muration i i REF HE T Tima
18 knots SE 2000 E to 0200 E
2h 2.6 2.2 W5 2.5 2.2 2200 E
4 4.0 2.9 W94 3.8 2.9 0000 E
&h 48 3:3 + 92 P 9.3 0200 K
21 knots ESE 06200 E to 1200 B
h I:“.‘;.h} = E} h 'Ea'D ju'? i‘ﬂ‘j 5!5 3-7 ﬂém AE
sh (s4h) = 9h 7.2 4,3 91 .6 L.3 0700 &
T {u&iﬁ; = 11h TR &'t .87 b.b 4e7 0900 2
lﬂﬂ.{"dh = 141‘1 2.0 5#1 90 Tuz .E‘hl 12% E
27 knots 1200 E t0 1930 E
2h{+4.5h) = 6.5n 9.5 &5 .93 8.E 4T LAGG E
{4 .50) = B.5h10.5 5.1 .94, 9.7 5,1 1600 B
Bh{+4.5k) =10.5h 11.2 564 95 10.7 5.4 1800 B
WSh(s4.5h) =12. h12.0 5.7 96 11.5 5.7 1908
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The hedight forscasted by the abova procedurs follow the ob-
serveil haieht curvs mnd alse tha 2lcores of L two curvas eoincide,
Note that the forscasted pericd dscrsasze from 1200 E te 1400 B and
that the method is inoensistent in the forecast of slgnilicant
pericds. Any abtemnt to Find ons constant wind spesd and lirsction
applicable ovar tle snitire {orescast period would have led to large
inconsistencles in tha hedghte, and orobably no battar forecasts
for the periads, Th: decrease in wave project sicnd ficant peried
from 1200 ENT to 10600 EDT 4e probably accidental.

4s the storm moved away from the New Jerssy coast, the diffi-
gty in applying the concept of a feteh with a wind of goastant
lirection and constant gpeed to the actnal cyclonic winds in the
gtorm became evident. The winds at ILa Guardia and also aleng and
affshore from Lhe cozst wers northeast and north north sast for
nine hour# during the time whan ths waves were being forscast by a
dus =ast twenity-seven knot wind, MNorth east winds zan be 2ffect-
ive only ovsr a twenly-five nautical mile fetch, Thirty-five knot
north 2ast winds could have generated wavas elsven feet high befors
rafraction on M2y 5, 1300 EST, bot the peak hesight would then have
oceurrad =iy hours before the obssrved pezk halght, The average
value of the windz at la Quardiz from 1000 to 1900 is twenty-four
mot s, With a twenty-{ive nsutical mils fetch the waves befcre
rafraction would have bsen at most only saven and one half feot
highy & study of figure 5 shows that the waves decressed mapidly
in height from May 5, 2000 EST to May 5, 2400 EST. A study of
Figure 4 for fopril 28 apd 29 shows that waves for that previous
storm did not decreass as rapidly after the peak hesight had been
reacked, ks sharp drep in wave heipght is probably partially due
4o the very strong winds at 4 smmrp angle to tho maves of the maln
fetch corientad asstwesi. The concept of the variability in ths
dirsction of waves coming from & fatch does not sesm to be applica-
ble becayse it doss not explain this very sharp drop in wave baight.

It L8 possgible to find a partial explanabion lor the wave
heights observed on May 5, 2400 EDT and Msy €, Q400 EOF. If 27 koot
windg from 529 east of north ars chosen to represent Lhe averaged
affect of north snd northeast wintds at La OGuardia and north east
and east winds at Nantucket, z thirty mile fatch resnlts, Waves
.0 feet high with a 4.4 second period with heights after refraction
of 8.1 feet ar» then obtaiped. '

The wavas which acourred zfter May 6, 0400 wers forecast as
wavas arriving from distant felohss, The curve for the lower fore-
casted heights which runs from May 6 through May € wag all the rssult
of waves genmerated py the storm shown in Figure © as that storm
moved out over the 4tlantic Ocean,

The map for way 6, 1330 EST shows another low on the western
edge of the map. & wsrm front is approaching Cape Hatberas, A
secondary storm is approaching the east goast. Ths second in-
¢rease in wave height on May 7 and May 8 was caused Ly

29




this secondary storm. The secondary storm will be discussed vhen
axamples of superimpossd wave forecssts ares describsd later,

The east coast store of ey 13, 14, 15, and 16, can now be com—
pared with the sast coast sterm of May 4, 5, 6, 7Tand 8. The second
storm (Fimrs 6) shows a build-up of the reported wave heights with-
out & sudden rise zs ab May 5, 1°00. [Ihe waves in the second storm
were generatad by winds from the =ast north east instead of sast
wirds and tha level top of the curve ogourrsd bacause thes wayes had
reached an upper limit on hedight and period Tixed by the limitation
of the length of the fsich., 1In tne sscond storm the winds shiftad
t¢ north east and north zast (ae in the first), and the wave hsight
dropped [ive feet in sighbt hours. The forscasts aftsr May 14, 1600
ars again bassd upon the decay of waves from a distant feich, but
no sagondary storm follows close after the primary storm and the
wavas dwindls down te heights of ons and ong half fast, MNota alsc
that the wave project significant period partially follows the sharp
drop in forecasted significant paried, which follow the maximum ob-
sarved height, but that the low values of tLhe significant period
ware not obsarved lor the length of time bthat they were forezast.

In the {irst storm the forecasted drop in pericd was spparantly not
shearved,

Figurs 12 and 11 gonsist of three minubs sections of the wave
racords which wore obiaimad during the passapge of the east coast
storm of May 4, through May B. )any of the points made in Osction
3 are svident in these wave records, In partlcular, counterparts
of mcoard B in Ficure 3 can raadily be found.

The wave record in Figurs 10 for May 4 at 0BCO shows smooth
waves from the small disturbenes oFf ¥y 3. 2t 1200, Lhe Wuild-up
of the [irst minor waves can be s2en. Thay wers caused by tha
snubh south east winds mentioned in the discuseion of the May i,
1330 surfeace map, There is some svidence that those wares die out
again by May 4, 2000 EDT. MNote the extrame irregularity of these
records,

The build-up of Lhe wavss from the major storm started on May 5
000. The increass in the significant haisht from record te record
is svident although the variation in the significant pericd is not
abwvisus,

The peak recorded storm wave heicht was reached on May 5, 2000
as shown in Fipure 11, OSome of the individuel waves in this recepd
ara ovar seventeen {est hiph. Thereaftsr the wave heichis degresss
during the passazs of tle major storm.

The record for May 7, 1600 is of preat interest. ALl indlcations
ars that there should be two wave trains present in ths record. 4
nsarby storm has generated &,7 foot forscasted waves with a 4.0 second
forecasted psriod, =nd the distant storm which started on May 4
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WAVE RECORDS AT LONG BRANCH
DURING PASSAGE OF AN EAST GCOAST STORM
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1s still cagsing 2,5 fool forecasted wawves with an 8.7 second
forscasted pericd. (Ses Jipurs ). To date, it has not bean
possible % disgover any method of significant wave amalysis which
san discover any diffsrence betwsen this record and, say, tim record
for May 6, 0200,

Ly HEmwple ©f a Hurricane apnd fssoclated Wave RHecords. A
tropical storm which first deweloped near Riding Rock in the Carib-
san moved north north eastward to @ peoint abont two lmadred miles
west south west of Sermyda, Then it recurved and moved south
eastward about thres hundrod miles to a point about four hundred
milaa south south westmard of Bermuda, The hurricane stagnated
2% this peint for = day and a half, and then moved northward,
erratically, Llhe storm weaksnad rapidly ae it moved northward, and
it dissipated completely by the time it was due east of Long Branch,
Figure 12 skows the path of Lhe storm center, and some other pertin-
ant data shout the storm,

The arrival of the first waves from the distant hurricesns is
somewhat' obecured by the prasence ol local wind wavas offshore from
Iong Oramch. Light soukh 2ast winds wers blowing to a considarable
dietance offshors from Long Branch on Yay 24th and on May 25th
urbll abent 1200 E0T. Waves were forecast by ths decay in fetch
mathad [rom Lhs above time until May 26, 1000 EDT as shown in

1

Figurs 7.

It micht ssewm Lhat for a distant hurricane, it should bs possibla
to decide upon an ascurate dgep water direction for the wavas ap-
proaching Long Brancn. However, this ia not the case. The radius
of the hurricane, for example, on May 24, 1330 was 250 nautizal
miles, The winds in the storm in the sector formsd by a line running
northsast through the center and southsast through the center were
soutbeast s& it moved from its poini of origin to the position it
octupisd on May 24, 1330.

It was possible to find a gersrating arsa over which the winds
increased from Bzaufort five to Besufort seven as the storm moved
from itz orlgin to its May 24, 1330 position. & line connacting
Barmuda and ths 1930 May 25 positicn could represent the windward
adze of the fetch excepl that the right side of the fetch was about
ons hundrad fifty milsg short of Bermuda, Sinece the wawves can
comé oub of the fetch ab an angls, it is nossible to chooss a deep
watar wave directizn with any a2imuth from 145% te 160° (Figure 1),
in azimupth of 1459 was chossn to aveid ths problem of multipls
waves at Long Sranch. The forecast curves for the wave height and
period from May 25, 1200 to May 26, 1400 in Figure 7 weve oblained
from forecasts from this fetch. The last few forecasts based upon
this fetch were somewhat in doubt.

Similarly the deep water wave direction is in doubt for all

other hurricane [orecasts. In fact, the difficuliy in chousing one
value to represent the wave direction is similar to the difficulty
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in choosing ¢ns value for tle muve perlod, Thasa points will be
diszuzsed again vhan ths prolblsm of verifying the wave refraction
dia=wam is discussad,

4 pamerating area which was the same for sevenly-two hours
gonld b fount ag the storm moved from its May 24, 0130 to its ¥ay
27, 0130 pezition, The decay distance was essentially five hundred
and fifty nautizal milss for 211 of the zbove time intsrval., The
deap watsy direstion was chossn al an azimuth of 1459, Beaufort
5 and Beaufort 6 winds wsre reported equally often over Lthe gensrat-
ing 2rea and 1ight winds wsre raported cover the area of decay. 4
Talus of twenty-twe knots was chesan for the wind velocity over the
genarating ama, ' ' '

It my sesm strangs that a generating area in 3 hurricans
would hava Cwenby-iwo knobt winds over it. At this stage of ils
development the sterm undoubtedly had winds of hurricans force
(75 mph) nesr 1ts center., Howsvaer ths hurricans fores winds would
be bLlowing around & tight 1ittls circles noar the center, and it
ls diffizuit to swo how the concept of 3 feteh can be appliad to
the hurricans canter, The panzrating area chosen did (it the
usuzl concepts of 2 festch in that winds fairly uniform in directicon
and spesd were found over ths enbire area.

The Torecaet paramsters which were avaluwated in order to fore-
gast waves at lione Branch from bthe distant hurrieane ars given in
Table 2.

The lorezast versus ths obsarved valuss as gmaphed in Flpure 7
Ier the shove letch, wind, snd dwrsticon show zome points of inberest.
The forecasted wave helpht docrzasss aftep May 26, 20. Yet the
waves in Lk cererating ares wers increasine in height, and their
foresasted meicht bsfore refraclion was also incrsasing with btims.
The decr=zase in height is entirsly dus to refraction. Thus the
decreaszs in wavs helpht might Seem Y¢ be & good verdificatlon of the
rafragtion diagram. This is not the casz, however., The trend of
the obssrved psricds is dowmmard, if anything, and the forecast and
ahaarvd parieds do net agres,

fonn (6) gives an example which shows the dscrsase of swell
period with time from a tropical cyclone of September 12-15, 19.LE.
This ayxampls is tlerefore not an sxseption te Lhe gensral ruls.
Eowevar, in both cases it is wary 4ifficult Lo take inte consider-
ation the affect of rafracticon sincs the gwell in dsep water may
have a spsctrum of psricds.

Teo obher fetches wars located zs the hurricane moved nmorth-
ward and befors the hurricane dissipated. Forecasts from them
wars not of particular interest, and they will not be discusssd in
detail. As the hurricans moved northward mush stronpger opposing
wirds wers [ound over wkat had bsen tha Feitch ysed for the ferecasts
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TABLE B, WAVE FORECASTS AT IONG 3RANOH FOR WAVES FROM
h DISTANT HURRIZANE

Start of winds ovar fetch Mgy 22, 0130 E; 22 knots; gil‘;‘r
nautical mile decay distancs; deep water azimuth 145%.
(Fotation: Same as previcus tables).

uration Hp Hy/Hy Ref. Traval Time Forecast
HI'
T T T
¥ b I'ime
+# £h Ga A1 3 &1 hrs 35
3.8 B.& E.6
May 26, 0200
+12h B.O 19 A 39 hrs B0
5FD ":}-1 gtl
May 26, 0430
+18h Q. s + D 38 hrs 1.1
Sab Fub 246
Vay 26, 020
#2210 10.0 a3 it 30 hrs 2ul
et 10.1 1041
May 26, 1330
"‘3311 10-5 -36 1.1 _?Il‘.ly hrs 4.2
Tl 104 10.4
May 26, 1730 B
+3Eh 10.5 « 39 1.1 33 hrs fel
7.5 1G.B 10.48
By 26, 2230
& 2h 1043 o i .8 32 hrs 35
g. 0 11.1 110k
Yay 27, 0330 E
«42h 10.5 v .8 JL hrs 3.5
g.2 11.2 11.2
May 27, 0B B
+540 10.5 45 o7 31l brs 3.3
B.6 11.é 11.72
My 27, 1430 B
+50h 1045 A5 i T hrs 34
9-'[’ 1115 11:5
Mey 27, 1930 &
+£6h i0.5 «50 alh T hrs 2.1
Teb 13,2 12,2
Yey 28, 0130 E
+'72h 1045 +51 | 29 hrs l.6
g.8 12.6 ' 12.6
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WAVE RECORDS AT LONG BRANCH
GENERATED BY A DISTANT HURRICANE
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WAVE RECORDS AT LONG BRANCH
GENERATED BY A DISTANT HURRIGANE
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in Tabhle 8; and thorsfore, the decay ’In fetch melhod was nob usgd,

|

fSome of Lhs weva records which were obtainad frem the dletant
urricans ave showm In Fizuree 13 and 14, Three minute segmenis of
the wave racord are shown. The records in Figurs 13 cover the period
froe May 25, 0200 te May 26, 1200. The records from May 235, 0800
znd ¥dy 25, 1200 were theﬁrshiually recordzd bafors the ;rr*val af
the Hisbtant swell from the hurricansa. They show very irregular local
wind waves. 4t May 25, 1600, the distant swall has theorsetieally
arrived, tubt it is difficult to ses any difference between thise
racord ond the two vecords above. Slmilar remarks hold for ths =av
recard of May 25, 2000, The wave regord for May 25, 2400 shows
that the swell from the distzat hurricans hes ddfinitely arrlived,
The swall diself 1s gquible drregular, 4nd soms local wind waves ars
probably superimposed upon it. The records which fellow are cud te
smooth, ard the local waves srs no lonzer in evidence,

W]

Fijurs 14 shows the wava rocords et aight hour intervale from
Wy 26, 2000 to May 29, 0400. It i3 possiole bto sse the tendency
towsrd an =oparent deersase in psriod (rom record to recerd. The
deorezss in hedght ies also evident.

5¢ lxamples of Superimpossd Wave lorecdsts and Asscciated
Tays Reeodds, A gurvay of Figures 4, 5, &, and 7 shows that thers
r=rs u numbsr of czses in wnich twe ar more differant slgnifllcant
wavas werz [orecdasted to arriva at Tong Sranch zt the mme time,
In soma cas2a it was posseiblas Lo ses the low period local wipd
wavss tuperimpossd upon the hisher pariod sSwell from a distance.
In otrer cases the vardeous vavae trains conld not be separsted one
from the obbher,

Figurs 15 shows som@ of thase recerds. Ths records for April
25, OBO0, 1200 and 1600 are one zroup to be considered, Figure 4
shows that hiph period swell frow a distant fetch was arriving at
Lot Pranei 2t 0800, 1200 and 1600, Figuvas 4 also shows that
looal wiad vaves bssan to build up after 0800. The [irst wave re-
sord in lisure § shows the wminer short period loeal wind weves
suprrimposad on the distant awall, Tha thisd wave record chaws
thaet the local wavss have builb up in hedght and thlat bthe suppossdly
still presant distant swell camob be detestad.

The rzcords for May 7, 0800 and 1200 are ancther proup to be
sitared. Ihese racords were made during the passape of the
Dn:.iar;.r sterm following the primry storm which scecurred on
May 4, 5, 6, and 7 as shewn in Firurs 5, The forescasts indicats
that hister paricd swell ffom ths distant storm is still present,
b bhere sggme to be no way to zepidrale the two forecasted wave
truains. S2= also the records in Figure 11,

flnl i
laic s

The last two records in Ficur: 15 for May 11, 1600 and 2000
mere meds when Lhres different wave trains were forecasted to

g



WAVE RECORDS

FOR EXAMPLES IN WHICH MULTIPLE
WAVES WERE FORECASTED
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arrive at Ieons Zranch as shown in Fignre 5. The presence of three
wavs hreies 1z not vizibly evidant in ths records.

Hoks amin the wavrs tecords at bths stapt of the hurricans In
Figurs 13. In summary, in a fow cazes it is possible to ==z ths
seperimposed local and distant waves, bat in mest casas, Lhe warious
forsvastad wave Srains cannob ba separated visually.

In gddition bte tke pensral forecast teghniguss wideh have Just
been dzascribed, it is possible bo give additicrel information on tha
crzrall naturs of tha forecasts by showing the lncation of the
distant fetchag'and the {roeguenzy of ocourrencs of fstchas which
termirate against the coast. The desp water wavs direction as pick-
e¢d for the forecasts, although somewhat inaccurate, is important in
problans cormected with boach erosion and ths firmares Lo bs
diseussed will show the freuusmey of occurrencs of the various deap
water wave directicns,

i diztant fetoh is dafined ag z fatch or pasnsrating arsea sa-
narated [rom tha observation peint by an area of relative calm
througk whick Lhs waves must trevsl. Cases in which decay in the
feteh was used but in which the fstch originally terminated against
the cozzt zre oot included. Figure 16 shows the location of all
of the distenl fstches which wera fomn? daring the paried of study.
The arrvow ipdicatss the dirsction that the waves were censidered
to lasve the fetch. [he nunmber above the arrow is the direction
of desp water approach to the coast; 90° is due aeast, 135°, south-
gaat, etec. The number below tha arrow is the descay disilapee. The
bar is located at the near snd of the Letch, The argle betwesn the
bir and the arrow reoresents the anpgls that the waves wers taken
cut of the leteh asccording to Arthur's (1) theory. The numbsr
abowe bhe vall of the arrow is the lansth of the Leteh and the
quslber below i3 bhe number of four hour wave Iorscasts which were
chtainagd from the 2iven fetch,

Som of the broken arrow symbele ars Aisplaced slichtly from
thair true positicn becagss they would be too crowded if located
corrsetliy. Their correct position can be inferrsd from the data,
(nitside of the daghed sircls the decay distanchd is net to =cale
for som of the symbols.

lhers are ssventeen distant fetches lecated on the diagram,
aznd thay repressnt ]15 four howr foracasts. Thers were 226 four
novr obsarvations during the peried studied, Thus, neglscting
ovarlapping forscasts, of which thers were 44, the above distant
fatchzs aceount for 2bout 50% of the wavas observed at Long REranch.
0f thzss disztant fetches, six rejuired the use of Arthur's diagrams
involving variability in the direction of wave travel. The fore-
czets basad on Arthur's work and invelying distant fetches account
for about 188 of the total numbser of foracasts,
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The Jddztant [=tchss do not appear to be equally distri buted
with regpact Lo bhe deep water direction of wave approach bto Leng
granch, There arse no cless-by distart febches o Lhe south and
gouthsast, because for ths paricd studisd, such fatches all termi-
natad spsinst the coast. The direction of dezp watsr approach
should he copsidsred acourate only to within plus or mimas 15°
since ths width of the generating arsa permits considarable arbitrari-~
ness in ths cholos of wave divection.

I'ne 1pcal fetches all terminated apalinst the ceoast at the start
of tha fepscast wnit, Cases in vhich the decay in fatch method was
smployad ars ineluwded. To within an socuracy of sixtesn points of
the commacs, the desp water wawe dirzetions and the total number of
Tour howr fersgaets for sach direction ars shown in Figurs 17. For
dranple, thers were 15 Iour hour fopracsats for wavas from dus south,
0f the botal of 136 four howr forecssite, ZE lour hour forecasts wors
from g directicn with a southerly commonent, 14 four hour forecasts
wers Crom us east and 34 four hour forscasta vere from 2 drection
with 2 nortlerly component., Ihus according to Putnam, Munk and
Traylor (15), 60% of the local waves would produce a northward littoral
surrent, 108 would be indeterminshe, and 30% would produce z south-
ward littoral current.,s In addition, 208 of the forecasts wers based
upon Arthur's resultd on the variahility in wave direction.

Section 7. Aualysis of Porscasts

he pointed out in tha orevious ssctions, the trial forscasts
were carrded out in ordsr to obltain the besl possible agres=ent in
iha hodpht forecasts. In many cases, it vas not possibls to goet
sgresment in the period forecasts. In other cases partial success
wae obtained during part of a given forscast sequence; but, after
ini%is! good agreament was ohtained, the forecasts dictated by
the origiml choics of forscast paramaters became prograssively
prorsT in time. Then the timas of the forscast did not zgres with
the obasrvation times, the forscasts were iaterpolated linearly.

4
=]
g r
W

disguseion which follows, the forecast data will be
thriss main categories. MWultiple valued forscasts,
y whose lorecasts in whieh two or more significant wave
wars {trs2asted to arrive it Long Sranch, will be disouwseed
o ‘Then 211 single velusd forscssta, both those besed on the
werdrop—Mani exbanded theory and thesa based udpon the decay in
teh method, will bhe amalyssd. Finally the purely Sverdrup-thmk
farscacts will be separatsd from thz deecay in fetch forscasts
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#The zhove sstimate is somevhat crude. The directicn of tle waves
us Lhay cross vhe three fathom line depends also on the pariod as
showr in Lhe refraction diasram obtained by Pierson (14).
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and the results analyzad,

Multiple valiled forecasts. There ware forty-four cases in
which two or more different significant wave trains were forecasted
to arrive at Leng Rranch at the same time. As shown in Saction 6,
somatimes it was possible to ses that the two wave recordd supsr-
impesed, but usuzlly it was not possibla. When several sigmificant
helghls are forscasted at the sama time there are two possible
simple ways in which they can be combinad to obtain the ons observed
signiticant helienht. One way is to forecasl the sums of the fore-
sasted significant heights, or N forecast = H = ¢ Hov civane
The other way is to forscast the square root of tha sum of the
squares of the simnificant heights, or

i forecast = Hppe = (ng * HQE * ...)')5

Tha first way would be more plausible if the waves added one on top
of tha other, and if the peripds were mzarly th2 sams, Tha secomnd
way would bs mors plausible if the significant heipghts ware more
nzarly related to the energy of the wave train.

Figure 18 shows histograms ol the numbar of forecasts for =ach
hsight interval. The sum of the heights is always greater than the
RMS height, and thus much higher valupes ware foregast by the sum of
the heights method.

Figure 19 shows the histograms of the errors with regard o
sizn of the o methods, Forecasts which were too high are plus
values, and foracasts which were too low ars minus values. The
histogram of the errors in the BMS heichts is centersd nearly about
the serp error line, whareas the histogram of the errors in the J
heights is c¢csnbersd about an error of about 1.3 feet. Tha mean
absolute RMS arror vas .68 feet, and the msan absoluts T heisht
error was 1.38 fest, Statistically then, the RMS forecasts ars
betber whan tme J height forecasts, The existence of a mzthod
which is better than elther of the two is not precluded.

There does not seam to be any logical method for combining two
forscasted significant neripds in ordsr to obtain one observed
simificant periocd. If the strict definition of periodic (in the
gense of 5 wave train with ons period and one height) is accepted,
any such attempt would be absurd,

All single wave forecasts. There were one hundrasd and eighty
three forecasts in which only one valus for tle significant wave
t2ight and period was forescast, The distribution of the observed
ami forscasted heights for this sroup, of the errors in ths fors-
casted heights, of the obsarved and forecasted periods and of the
grrors in the lorecasted periods will be discussed in order,

Figure 20 shows histograms of the height distributions of
inberest. The upper values of the histogram at the top give the
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height distribution of all 236 observations made during ths pericd

of sbtedy. The ourve is skowad with a maximom at 2.25 feet and falle
off gradually toward hizher values and sharply toward lower valuss.
The megan significant height of all waves was about 3.4 feet. The
mean siznifizant height of 3.4 feet indicates that bthe period studisd
was stormisr than usual for the east coast. !aba prassnted by Hall
(9) indicates that the mean wave height for Long Branch for a year
is of the order of 1.9 feet, The fact that the study was mie during
stormisr weather is of coursa an zdvantape because 1t gives betlar
defined situations for amalysi=. The frequency distributicen of ths
heights veported by Hal 1 was the same gensral shape as the fregusncy
distritntion given hare, and thsere wors more low waves reportsd.

Tte middle wvalues of the histosram at the top give the height
distribution of the 183 observations for which single valued wave
forecasts werz obtained, Thers wars 44 multiple forecasts and 9
cas8g in which no forecasis were made, This histozram is essential-
ly the same a8 the uppser histogram and the 183 obssrvations ara a
fair sample of the total of 232 ohservations.

The upper histosram of the bottom two in Figure 20 gives the
digtribubtion of the 123 foracasted single valued sienificant
helghts, The mean forecastad height was about 3.3 feet, This slizht
differancs between the observed and forscasted mean can be accounted
for by noting that the dstribution of the forecastad valuass has
chopped of £ a numbar of values at the sharp peak in the obssrved
values from 2,0 to 3.0 feet and filled them in from O to 1.5 feet.
Raeference to Figures 4 through 7 show that the forecasted haiphts
keep on decreasine for low values of the obssrved wave height
wharesas the observed wave heicht usually stays above 1.5 fest. The
twe distributions for the singls valued forscasts agrese sssentially
axcapt for tns low values of wave height.

The upper histogram in Fipure 21 shows the frequancy distri-
bution of the residual hsight srror after the attempt to set the
bast possiblzs foraecast fit in all single valued forecasts. A faw
wisses greater than ons foot z2re in evidence, The msan of the
absolute value of the errors was .60 fest. The residual error
reprasents partly thoss cases in which pgood agresment just could
not be found, and partly an upper bound on the patience of the
analyst in atuampting to get a better fit in the height forascast.
8ix tanths of 2 foot ie about 17% of the mean height of the sample,
i.9., Bhree and one half faet,

There was a vary slight tendency for the singls walusd fors-
casts to be too low, The mean algebraic error for all single
valued forecasts was -,14 fesft. On the whole, if Lthe sizs of the
sampls is considered, Figurs 21 shows that the errors in height
wars small and distributed roughly acsording te ths normal srror
distribution.
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Figure 22 shows the histograms of the perilod distributions of
interest. The apper curve of the uppsr sroup of histograms shovs
the distribution of all of the observed pariocds as reported by the
Beach Ermosion Board. The middle cwrve Shows the distrioutien of
those periods for which singles valued forecasts wars obtained,

The mean valuss of the two dstributions sre essentially the same,
vizZ., 7.6 seconds, Moth distributions are uni-modal, The mean
nzarly coincidss with the mode, and the cwrves corrsspond ¢losely
to & nomal distribution.

fhe histograms in ths center of Flszurs 22 give the distribution
of tha observed periods as anslyzed by the wave project. If the
sizs of the sample is considered, the distribution is again closely
associated with a normal curva. Tha mean of the middle curve is
about four tanths of a second grsater than the mesans of the upper
surve. Ths method of apalysia emploved by the wave project gives
lowar psricds because intervals such sas interval 5 in curve B of
Figures 3 were eliminated znd only intervals sweh as 4 and 6 which
wera well defined for the ten hizhest most repular waves weore
employed. The difference is the means of one and one half seconds
betwean the Bsach Erosion Board and wave project curves is thus a
rasult of tha dirfarsnce in analysis.

The upper histogram of the histograms at the botbom gives ths
distribution of all of the forecasted periocds for which single
valued forecasts wars obtaimed, These values are to be verified
against bthe valuss whose distributicns sare shown in the middle
curves of the top and center groups of histograms, The most
strikdng thing abeut this histogram is that it do=s not correspond
in shape even approximately to sither of the two distrilutions
shown above. The distribution is wider and flatter. The modal
value is at the low end of the scale, and the values ara not
normally distribnbed, Tt is evidant that the overall dHstribution
of the forscastsd values (both pure Sverdrup-Munk forscasts and
dscay in fetch forecasts) covers too wide a range and that
agreement bhatween forscasted and observed valuss can be expected
only in the reglon where the forecast graph crosses the graphs
of the obssrved values. (Sea Figures 4, 5, 6, and 7).

Soma 'statistics on the magnitude of the errors in forecasted
pericds can now be given. Frowm Pigurs 22, it is svident that the
grrors will be largs, Figure 23 gives the frequency distribution
of the srrors in ths forecasted periods,

The upper histogram at ths top of Figure 23 gives the errors
in the forecasted pericd for all single valned forescasts as
verifisd against the wave project amalysis of the significant
pericod. There wers just about as many forecasts which were too
high as there ware forecasts which were too low, The msan absolute
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arror of th= forscssts, that is, ths average value of all errors
without regard o sign, was 2,10 seconds. Tha mean obssrvaed wave
project period for the sample was 6.15 seconds., Thus the percent-
ags error was UE of the mean period and was doubls the percentage
error in the height forecasts.

The upper histogram at the bottom of Fipure 23 givas the errors
in the forecasted peried for all single valued forecasts as veri-
fied against the Bsach Erosion Board zmlysis of the significant
pariod, There were more forscasted periocds which were too low than
there wara forecdsted pericds which ware too high. The msan ab-
solute error was 2.44 Seconds. The corrasponding mean pariod was
7.6l seconds and the psrcentags error was 2.

& wary simple way to forecast the observed wavae periods for
Iong Branch would be to forscast the average observed wave period
for the time interval stedied. In metsorolegical work, such a
forecast would be callsd a climatelesical forscast, For example,
the msan temperaturs at Honolulu for the month of January is 71
degrees. Instead of forecasting the day by day termperature at
Honolulu it would be possibls to foragast the mean temperature and
then ses how wall the forecasts wverily.

Supposs then that a peried of 7.4l seconds had been forecasted
for Long Branch a1l of the time and verified by the Beach Erosion
Data, The mean absolutzs srror in the forsc¢asts would than have
been .95 saconds as compared to an error in the technigues
employed of 2.44 seconds, A forscast method which cannot do better
than a ¢limitological foregast is certainly nmot of much practical
ubility. If the wave project analysis had been used, the corras-
ponding valuass would have been 1l.49 ssconds as comparsd to an
grror in the technigues employed of 2.10 sscomds, and again the
climatelogical forscast wonld have been supsrior.

Objaction might be raised to the use of the mean of the fore-
cast sampls for i climatological forecast. Such a procedure is
necessary whan data is limited, and it had to be employsd for ths
wave project pericd analyses, Hall (9) bas recantly reported
soma statistics for the wave recorder at long Rranch, and from
them it is pessible to discusa the results of a climatological
forscast bassd upon data other than the test data, Table 9 sum-
marizes the data on pericds which can be obtalnad from Beach
Erosion Board Tachnical Memorandum No. 17.



TARLE 8. STATISTICS ON WAVE PERICUS AT LO%NG BRANGH
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The pergentags distribution of ti® periocds in Tabla 9 shows
first of all that ths sampls studied in datail in this paper is
reprosentative o much larger samples, and that all of the perioeds
obesgrved st Long Branch a= analiyzed by the Beach Ercosion Board
are grouped clesely in an approximately normal distribution about
g central m3an near B sscopds.,

The mesn of the sampls employed in this study was 7.60
seconds. If 5 mean of B.0 ssconds ie ussd to verify a clima-
‘tological forecast for all single valued wave forecasts at long
Sranch, the mesn absoluts error which results 1s .99 ssconds,

I a2 m=an of #.3 seconde (which is not too representative because
the time interval covers the summar months only) is used, the
mean absolute srror is 1.38 sedonds. Thus a climstological fors-
cast bassd gpon samplss which 4o not include the dates of this
study wpuld =%1i11 @ supsrior to the present wave forecasting
methods,

Forecasts basad upon Sverdrup-tunk method onlv. The forecasts
whish will now hs disonssed wers based only on thoss weathsr
siwmations where the Sverdrup-Munk method aoplied. The modifi-
calions introduced by Arthur (1, 2} such as the concapt of wavas
caoming out of the fetch at an anzla wara also smploysd., All cases
where the dezay in fetch mathed was used were eliminated.

Figurss 20, 21, 22, and 22 can now be restudied for the 118
casss 1n wpdch foracasts bassd upon the present accepted theory
of wmave forecasting were mada. A1) of the unshaded hisbograms in
thss= figures show data which are applicable to thsse forecasts.
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Figure 20 shows that the distritmtion of the observed heidhts
for the sampls iz closs to the total distrilbution of all observa-
tions except possibly that a slizhtly greater porporticn of low
height obﬁerratiﬁna'l'rave baan removed. Ths distributicn of ths
forecasted heighbs shows that a slightly greater proportion of
ths low forscasted heivhts has been removed.

Figure 21 shows that the distribution of the height errors in
ths smaller sample is assantially the same z& the distribution of
the height errors in the largar sample. The m=an absolute sarror
in the meights is still .60 f=at which shows that the parcentapge
height srror is sligntly smallsr bscause the msan heigzht of the
sample i8 3,81 feet, Howsver, there is still. soms residual error
in ths sample.

The hiztcerams of the observed valuss of the pericd in Figure
22 for sample of 118 obsgarvations show that the obssrvations which
are to verify the Sverdrup-Munk forccasts are not so obwicusly
normally distrituted as the total sample, The means ot the 118
observatlons corrsspond closasly to the m2ans of the 183 observa-
tione which were used to verify ths singls valued forecasts.

The histougram of the forscasted valuss of the parioed at the
bottam of Fimrse 22, for those sases in vhich the Sverdrup-Mank
methied only was employed, is markedly different from the histogram
for 211 single valued forescasts, Many of the high pericd forecasts
have been eliminated and only a few of the low pericd forscasts
have besn eliminated, Ths mean of the sample is 4,07 scconds as
comparsd to the mean of all singls valued forecasts of 4.17 seconds.

Figure 23 shows the paricd forscasts as verifisd apainst the
wave preject periocds. There is a definite tendency to lorecast
pericds which are toe low, Ths mean zbselute srror in the fore-
cast periods is 2.08 seconds., If ths period forecasts are wveri-
fisd against whe Beach Ercsion Mard périods there is dafinite
evidencse that the forecast pericds are too low. The mean absolute
error is 2,87 seconds.

Those forscasis which ars basad solely on the genarally
accepted theoriss for forscastine ocsan waves can now be testad
againet a slimetological foregast, If thé forecasts are verifisd
by the wave propject significant paricd analysis, and if a forecast
of ©.17 ssconds is made for all forecasts, a msan absolute srror
of 1.07 seconds i& found, Again a olimslolopical forscast which
is =uperior to the forecasting method is obtainad,

1f the foreecasts are verifisd by the Beach Ercosion Board
gisnificant pariod analysis and if a forecast of 7,61 =econds is
made for all forecasts, a mean absolute arror of 1.00 seconds is
chtaiped. Azain, the climtelogical forscast is superior to the
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forezastine methed ,

The Decay in Fateh Method. Figures 20, 21, 20, and 23 show
that the decay in fetch method is not much good either. Ths fore-
cast paricde zrs too high; the distribution of the observed paricds
dozs not correspond to the distributicn of the forscast periods.
Fipures 4, 5, 6, and 7 show that thers i= no tendsncy for the con-
tinued increase in the period as requirad by ths forecasting method.

Tabls 10 summarizes the statistical data which has bsan present-
ad in this section.

Some adlitional interesting information can be obtained by
considaring the distribution of the differences with regard to sicn
i¢twoen Lhe Beach Brosicn Board periods and the VWaye Projsct perieda,
Figure 24 shows the histograms of thie dif ference for those periods
assoocisted with thes single valued foracasts and the Sverdrup-Munk
forecasts, It is easy to see from the wave records which accompany
thiz paper that such a differsnce can sasily arise and that the
Beach Erosion Board psricde will usually be greater than the Wave
Project pericds, It is felt that tha Beach Erosion Board analysis
more glosely aporoximites what would usually be considered to be
the slgnificant pericd because the irrsgularitiss in mest wave
records are smoothed sither by the recording imstrument or by the
analyat,

Tie Wave Project re-analysis of the data was undertaken In
ths tope that bettesr agreement between the forecasted and observed
pericds would result. The slizht isprovemsnt which was obtainad
still doss not give betier results than & simple climatclogical
farecast.

donn (6) and Isaacs and Saville (10) have reported that the
forecasts of the period according to the Sverdrup-Munk method are
net too accurate, fomn alee rsports that hedight forecasts in
soms casges are quite uncertain, No quantitztive sstimatzs of the
ragnitude of <he arrore in the forecasted periods are ziven.

Dennt (£) giveas examples of local storms in which it would
bs mecsssary to have sxtremely high winds in order to forscast
the observed period. He aleo illustrates a study of waves from
a tropleal storm with wave spectra which show a decrsasing signi-
ficant pericd.

Isaacs and Saville (10) report a mean absclute error in
height of less than one foot for actual forecasts. They also
state that, "the forscast of wave pericd ... does not display the
sama degree of reliability....."
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TARLE 1C. SHDARY OF STATISTICAL DATA
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Section 8 — Attampiad Verification of the Befraction (Hageam
for long Branch

In order to verify a refraction dizgram for one particular
peint on a coast, the desp water wavs heipght and peried, the deep
watar wave direc¢tion, and Lhe waws height, period, and directlon
after refraction =hould 3ll bs agocurately known, The haights and
perieds of ths significant waves after refraction (posaitls loss of
anergy due fo bobttom friction, and diffraction) are tha only ok
sarved valwes. The Jdals are simply not sufficiant for a preciss
verification.

It 1= notsd in passing that Sverdrup and Munk make the follow-
ing statament in Wind Ssa and Sweil; Theory of felations for Fore-
gasting, "Thersfore, the growth and dscay of significant waves do
not obey the laws that would apply to ihe waves of classical theory..
The statement might ba smended to read; Therelere the growth,
dacay, refraction and diffrsction of significant waves do not obay
the laws thet would apply to the wavss of classical thwr:,r. The
theory of wave dif fraction and rafraction as employed in practice
is based upon classical waves of constant beight and period, and
there is considerabls doubt that ong valua for the significant
height, ona valus for the significant period. and cng valus for the
deep water wavs dirscbion adequatsly characterizs the sea surfaca,

In Wie test lorecasts described pravicualy, the waves were
refracted with the forecasted perfod. The height after refraction
was verifisd againet the obssrved hneipght valus, and an ablempt was
mads to obtain the bast agrsement pessibis, It has besn shown that
the forscasted pericd was in arror fraquintly by more than two
secomis. An error of plus or minus two secomds can resulb in huge
percentage errors in the helght forecasts as shown by Figure 1 A
the valua for the perlod is critical. In this ssctionm; an altempt
will be mads to discover how the srrors in the period affsct the _
errors in the bheight which entesr because of the u=s of the refraction
diagram.

The lorescasted periocd and the I't:-mc;asta& heizht are insxtri-
cably connscisd in the forsgast method, If, daapita this fact, the
wave helght at the instrument is computed from the refraction diagram
by using the forscastad desp sater sizndficant wave height and the
observed sjignificant wave period st the instrumant, it is possibie
to obtain an sastimets of the sffects of refrsoction upon the accurasy
of the forecast hsights.

Figure 2% shows the histograms of the errors in height which
result if the waves ars refracted by the observad period instead
of ths forecasted pericd comared to the errors whish resultsd oy
refrasting the waves with the ferecast pariods and comparsd bo the
errors which would have resulted 1f ths deep wiater wava height
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had been forecasted bto be the height at the instrument. The third
histogram from the top in Figure 25 1s 2 copy of Figurs 21 for
comparison,

The top histogram in Figmre 25 show ths errors whicsh result if
the forecasted deep water waves are refracted by the obsstved Beach
frosion Board Periods. It is to be axpected that this pair of
histograms would havs s pgreater dispersion than the third pair of
histograms because the third pair of histograms gives in a sanss the
least srror possible. The mean absolute error is 50 par cent greater
than the eriginal height error minimum for all =ingle valusd fore-
casts and over 100 per cent greater for the Sverdrup-Mumk forscasts,

The sgcond pair of histograms gives ths corresponding data for
refraction by the Wave Project Sienificant Periocd. The meaan ab-
golute =rror in both cases is about 50 per cent grezter than the
original minimum height error.

The bottom pair of histograms gives the height error which
would have ocourred if the deep water wave height had been fore-
casted %W occur at the instrument; 1.e., K4D = 1 for all periocds
and all directions, The mean absolute error is comparabls to
the eprrors reported in the first two padirs of histograms, Waves
which were too hich would hava been forecasted more often.

A m2an absolute srror of six tenths of a foot is 17 per cent
of the mean height of the sample, and so0 a mean absolute error of
one and one quarter feet would be about 36 per cent of the mean
height of the sample. Thus the errors in height due to the re-
fraction diagram are of the same order of magnituds percentapgs-
wise as the errors in the foracasted period. It must be concluded
that the original forecasted desp water valuss are nobt adequate
gnonzh or accurate enongh to verify the refracstion diagram. If
the percenmtage errors in height had been double or triple the per-
sentags errors in period, it might have been possible to study the
accuracy of the refraction diagram more adequately.

The author is also of the opinion that it would have been
possible to obtain mean absolute errors nsar six tenths of a foot
in all three casss by changing the original valwes of the forecast
paramsters within ths range of possible choices and trying to fit
the forecasted heighis to the observed heights at ths instrument
after refraction by the observed pericds or after no refraction
whatsoever. Or to state it another way, the addsd refinement of a
refraction diagram at lLong Branch on an average basis, gives such
small corrections to the forecastad heights as comparsd to the
possible errors in the forecasted desp water heights and periods
and the possitle range of choices in the forecast parameters, that
its effect is negligiblea in improving the forecast.



T% snoyld not ba concluded from the zbove statamant that the
refraction dlagran i= of ho use, If the forscasting method were
petter, the refraction diapgrar would then be of srest impartance.

Sscticn 9 -~ The Naturs and Ussfuineas of Actual Forscasts
Usine Pres=nl Mebhods

The uselulress of a forecasting meLhed dapends upon what the
forgcastis are %0 be usad for and upon tha effect of &n error in the
forsvasted valu#s on the overall results, Thus the Sverdrup-lhnk
Method , modified by practisal eyparience; heg proved useful in many
epplications. For example, restus operations at ssa, military
cperations, offzhore oil drilline operabicns, and enginedring pro-
jects such as the construction of hrsakwulers and Jettdiss are all
mgde safer and mere eccnomical by forescasts of the wave heights,

In these applications, the methods at their present stage of develop-
ment are adequate.

Forecasts ol wave heights over the open ¢csan under conditicns
in which the wave perded is not important have been meds for three
vears by the Unitsd States Cosst Guard Séarch and Hescue Section
in New York. A thirty hour general forecast is prepared, and a
specific spet forecast for sach rsscue oparation is also prepared.
The irdividusl forecasts are verified sither as right or wrong., A
one foot error for heights up toe five feet, a two foot error for
keipghts up te 10 festl, and a three foot error for heights up to
fifteen fest, and a four foot error for heights up to twenty fset
is parmitted. #or heighls greater than twenty feet a five to six
foot errer is permitted. The thirty hour forscasts as verified
by this msthod sre 85 per cent aceurats. The spot forecasts for
eagh rescus cperation with a range from twe to four hours are S5
per cant acourate,

The ussfulness of the forecast method in the oil industry is
discussed by Oraham and Qeyer (8) in connection with the overall
application of Meteorolegy fto operatiomal probleme. They report
that meny operaticons depend almost sntirely on favorable sea con-
ditions, and that the wave height ferecasts save Lims and provide
additional saTaty for the operational crews,

The importance of wave forecasts in conpection with énginesr-
ing spplications has been discussed by Mason (12). The importance
ef wave forecasts in invasions has been discussed by Bates (3).

From the above short summary, it is evident thatl the Sverdrup-
Wank wave forecasiing method has given and will continue to give
important informetion to many persona connmectad with the various
activities of mankind on the oceans and at the shore. [or these
applications and othars which bave not been given such as fishing,
smell oraft warnings, etc., the mothod is accurate enoupgh to be
uwseful .
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Howsver, the method has its limitations, ' Any wavs effect which
depsnds oritically on the forscasted pericd is difficnlt to forecast
and to interpret. It aopsars also that the more funlamental pro-
blsms connected with beach erosion and the design of structures
cannot ba successfully attscked with the present concept of the
gignificant wave and that if nossible mare refined and more accurate
methods of wave record analysis and wave forecasting should be
developed.

Section 10 .~ Application of This= Study te Beach Erosion

Althoush this study has not been thorough snough or accurate
enough Lo pive preelse gquantitative rasulbts on problems comscted
with beach erosion, it is still possible bto disguss some important
conclusions which can be reached in comnection with the gqualitative
undsretanding of the processes involved. Wicker (19) has given
the basic explanation of the cbserved littorsl drift on the Kew
Jersay coast, and it is possible from this study further to sub-
stantiate his explanstion and to restate it in what is belisvad
to be a more precise form from & meteorclogical peint of view. It
is also possible te discuss the relative mrotection of warious
points on the coast from wave attack, The energy asscciated with
the various directions of desp water wave approach can be ssti-
ma tad.

In section 7, it was pointed out that the pericd studisd was
stormisr than usual and that the mean significant wava height was
considerably higher than average. The discussion which follows
therafore applies only to the period studied and is not representa-
tivae of a whole averags year., Periods of greatsr storm activit}r
are of interest in themselves because of the changes they can
affect in the shore lims.

In addition, the frequency of waves {rom various dirsciions
may net ba the same in this study as they are on an average. Deep
water waves from due east may be more frequesnt in this study than
usuyal,

Figurse 26 is a schematic representation of New Yerk Harbor
and of the Long Island and New Jersay Paysiogeasphic Units., It
illustrates the point that the Long Island and New Jersey coasts
interssct in a corner at the entrance to New York harbor and that
the two goastlines are roughly symmetrical upon reflection in the
exis of the Hudson canyon.

In section 6, some statistics on local maves and waves from
distant fetches wam presented, From these statistics and from
the statistics on observed wave pericds givenm in section 7, it
is possible to give an explanation for the observed littoral drift
on the Lons Island and New Jersey coasts, It is necessary to
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FIG. 26
WAVE ACTION ON THE LONG ISLAND AND NEW JERSEY COASTS
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discuss ths effscte of lowml waves, of wayss from a distance and of
wavas from an sast coast storm in ordsr te describe the afi=chis of
the wavas on the beachas,.

Consider, first, the effect of local waves on the coasts,
Figure 17 shows that about half of the waves at Long Branch wers
canszd by local winds, In additipem, Lke statlstical distribotlon of
the cobservsd pericds shows that helf el the weves at Long Branch
have obssrved periods less than sizht se¢cnds, Thersfors the waves
are not unduly affected by the Hudson Sanyon, and so the sffect of
refraction is purely a2 lecal problem apd nol a large scale problem,
To a good depree of approximstion, it is possible Lo =zay that ths
vave brgake at the shore szt an angle determined by wheiher Lhe wavs
dirsction is to the laft or right of a line perpendicular tc the
shore 8t a iven point on Lhe coast,

In Figure 26, consider the psired points 4, A'; B, B'; and G,
Sty At &', any low pericd wave with a deep water dirscticn sast-
ward of the lire winrdng southward throusgh A' will tend %tc causs a
littoral drift tevard ths west. AY A, only low period waves with
8 Hrection southward of the line running eastward through A will
Lend to caunss a littoril drift toward the north. Also thers 1e
not mich ocsan 1aft to the north of A and to the weel of /' so that
the areas in which waves can be generated to cawse oppoesitsly
directed littoral currsents are limited and the pessibla directions
ars resstrieted,

Suppcse Lhat portheast winda are blowing ovar the sntirs area
shown in Figurs 26, There ars twe poseible ways to forecast the
maves at A. The first would be to use the distance of 25 miles
from & to ! as 2 fetch =and forscast deep water waves trawvelling
toward the soulhwest, The second way would be to assume as
Arthur does (1) that northeast winds produce some component
significant wavas which travel toward the south zouth west and
toward the west.

For the same wind speed, the first forscasting. melhod givas
mch lowsr waves at A than at B due to the limitation of the fatch,
For the same wind spesd, the second forecasting method pivas waves
traveling mora nearly normal to the shors at & than at 2, because
the distance BB' 1s longsr and it is te be expected that The waves
would travel mors nearly in the directlon of the wind., The waves
might be nearly the same height at A and B in the sscornd case.
However, in either case, that portion of the wave ensrgy which pro-
duces the 1ittoral ocurrent is less at & than it is at B, Similar
remarks hold brue for any wind direction from north. through sast
northesst, and in every case the pressnce of long Island suppasts
that the strength of the littoral current toward the south should
increase as the distance from New York Harbor incraasss.
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Pointe A and A' and B and B! are symmetric, and with obvious
changes exastly aralogous remerks can be made for L' and B on
Long Island, Points € and 2' ars not quite as symmstric as tha
other points bacause of the curvaturs of the New Jersey coast south
of B, At C, for wmaves from the northaast, the littomal current
should be stronger than at B because of the grestsr angle of break-
ing .# If the loecal windd are -low snough so that the fatch is not
8 limiting factor southwsst waves would produce the same litteral
current at B' and C', oiber thinge being aqual,

Lecal winds from any soublerly direction at A and B wonld
produce a norblward 14ttoral dursnt of nsarly the same strength,
but at 0 the waves must e caused by winds from the south nf south
esst before a lititoral current toward the north is produced,

In summary Uhen, the waves caused by local winds produce
different resulis aléng the New Jersey coast, For winds which
tend to generate waves which produce southward from A to B %o C.
Those winde which cause waves which result In morthward 1ittersl
currents yisld the same strength currents at both A and B, and
if the current is northward at all, a weaker swrrent at C. Finally,
as pointed out by Wicksr (19), if thbe wind distribution is the
same at all three points with respsct to direction, the littoml
eurrent will be southerly more often at C than &t A and H,

Now consider the effect of waves frow a distant fetch on the
points shown in Fipure 26. Thistant fetches account for thes other
half of the waves observed at Long Branch (point A). Few of the
obssrved significant periods were greater than ten seconds, ot
Figura 1 shows that they would be somewhat affected by the large
scale refraction features. TFigurs 16 shows that only one of the
seventesn distant fatehes which wers located during the period of
the study could have produced s lilttoral currsnt boward the south
at Long Branch. Many distant fetches which mieht have caused
southward littoral currsnts seem to have been meubralized by the
application of Arthur's theory. Several could have prodused north-
ward littoral currents. '

Tha situation is decidedly diffarent in ons important aspsct
at points B and ¢, Those distant fetches with gensrating arsss
running nerthesastward from Jjust east of Cape Cod and which cause
wavss &t long Branch from nearly due east can causs waves at
points B and O from the east north 2ast and north east, These
waves would produce a southward littoral currant.

411 of the reported distant fatches would havs producad west-
ward littoral cufrants on Long Island. The area to tha westward

— S

+ The dassumption that the decreass in wave energy due to refraction
does nobk offset the effact of a greater breaking angle is mada.
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of the lirgs running southwasd from A', 3, and C is the only source
rapion for distant waves which counld causy gagtward littoral cur-
rénts. This area 15 not a source region of veéry many high wives
bacause strong winds ars not Ireumn=nt.

East ¢oast storms ars probably the most important singls causs
of srosion on the Hew Jersey and Long Jsland coasts. Atlantic
storma at distances preater than ons thousand nautical milss from
the coast are probably sesondury in importances Tropizal hurricanass
at distances preater than six hupdred nautical miles from the c¢oast
may have some sffect, but as hurricares move northward thsy assume
extra tropical cha ractarlstlcs and, if nsar enough to the cogst,
they can ba classifiad with ths e_a:s’i; coast starms,

Miller (113) has made a study of ¢yclogenesis in the Atlantic
coastal ragion of the United States. From this study, it is
possible to describe some of the average properties of sast coast
stomms. Thers wers two hundred and eight east coast storms during
the period of his study from 1329 to 1939, Eighty-six stomms,
olasaifried at tyos A, were formed as meteorclogical waves on a
cold front, and one hundred twenty-two, classilled az typs B, were
farmed in advance of zn occlusion as the example shown in Figure ©
for Mey §, 0130 EST. Of the total mumber of storms stulied, the
data presented by Miller show that approximtely seventy-five per
cant of Lhe storms formed at a location such that Lheir [uture
paths would sweep from south bo north along a track Loward the
northeast, which would pass to ths east of the New Jdersey-Lons: Island
coasta, I.‘he tract of the low center of the storm studied in Fipure
9 is typical of a very larpger percantape of type B storms, and the
pa.':nin* of origin of the storm is almost exactly at the point of
maximum frequency of gyologenesis for such atorms., The most fradusnt
arsa of origin of type A& storms is aboul one hundred fifty nautical
milss scuth south wast o_f Cape Hattaras,

Fortunately, then, the storm studied in detail in Section &,
Fizure O, is a typical sxample of an 2ast coast storm and its ef’f&cta
on the bsaches would bs representative of the sffects of many such
storms. Thies storm will therefore be discussed in connecticon with
the littoral currents which it might have producsd at points A, A',
By, B', and G, &' in Figuras 26.

At the start of the tuild up of the waves from ths storm, the
waves wera from the southeast and build up to a heieght of four lest
in gix hours as shown by the May 5, 0130 map and by Table 7. The
wave direction is repressntative for all points along the coast.
Weak narthward littoral currents wers therefore to be expectsd at A
anl B, There should have been practically no current at C. &', BY,
and 3! should have had westward littoral currents.

During the next eight hours, ths waves wsr2 probatly from the
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gast gouth esast at 4, 3, A', B', and C', tut the Mey 5, 0730 map
shows that the winda anri therefors the waves were [rom du= east
near point C, The waves boilb up to a height of seven Feel at

Long Branch (A); and Lhey were probably four or five fsat higher

at C. Ths littoral currents would have been nertiard st & =ad B,
wastward al A', B, snd 0, and soublward at C. Note that the
poBition of the polints with respect to the storm centar is important
when the storm is at the coast,

For the next seven Eml' ans hali‘ hours the waves wera probably
from due east at A, B, A', 8! and C'.. The curvaturs of the iscbars
around the low centar, thﬂ coastal. w-hrlﬂ, and the fact that the
dominant fetch is t¢ the north of o, 21l supgest that Lha waves at
G had a mortherly component. The littoral surrsnbt at A and 3 was
probably smsll (although the waves are about twslve fest hizh),
bscause Lhs wavss wre pearly normal to the ceast, The currant
was wasbward at A', B and 07 and probably guite strong. AL O,
the current was soubherly.

The sharp drop in wave height after 2000 May 5 as shown in
Figure 5 ia diffieult to explain by pressnt forscasting techniques:
After May 6, 0130 tha situation is hat.l.ar difired end the wavss can
be iﬂmcastad more 2asily, The May 6, 0130, 0730, and 1330 wape
a#ll show a gensrating area to the eastr of Cape Cod. In addition,
the gensrating ares is to tha north of Lhe New Jersey coast, The
gast and northeast winds over the generating area combined with the
shaltering effect of Long Island and the concept of wmaves comling
out of tha fetch at an angls, show that the angla of bthe bresking
waves with the coast 2t A should have been less than the angle of
the brezking wave with the coast at B. In turn, the angle of the
trealing wave wilh the coast at B should have besn lass then at O,
The waves were probably slightly lower at ¢ than at A bub the dsep
water wave direction compared to the normal to the coast-at the
point varies through almest 90%, Thus tha strangth of the south-
ward littorsl current should have increasad toward the south from
L to Bt C. The litteral current was westward at &', 8!, and Q1.

Table 11. Probable Tirection and Estimated Inbsnsity of the
Littoral Jerrent at §Six Points on the New Jerssy
and Long lsland Ciasts During the Passags of an
Bast Coast Storm.

Frem To A B . A B! Ct

¥ay 4 May 5 North North Nautral  Yest o 5 West
2000 0200 Teak Weak . Waak Teak Teak
May 5 May 5 DNorth 1 North -Edut.h Taat tast Wast

0200 1200 Moderate Modesrats  Modsrats Moderate Modersis Modsrate

ey 5 May 5 HNeutral Weutral . Scuth Test West Wast

1200 1930 Modsrate 3Strong Strong Strong
Moy 5 May 5 Neubral(?) South(?) South Test Tast Wast
1930 0130 Weaalk Moderalte Mpdesrate Modepsts Moderats




May & May & Y¥eubral(?) South Seuth Test Test Tast

0130 1330 TWeak(South) Weak Woderate Waak Teuk Weak
Dominant Horth North South West Yest est
Current (Weutral )

Table 11 summarizes the Jdirections toward which the litteral
gurrent was probably flowing [nr convenisnt time intervals doripg
the passaza of the storm. A crude estimate of the strengih of the
littoral current is included, At the present state of knowledge
goncerning the effsct of waves on the beaches, it is not possible
to give actual valuss of ths currents, nor is it possible to com-
pute the quantity of sand moved by this one east coast storm.

It is possible from the forscast data to decide upon the deep
water wave direction to within sixteen points of ths compass, I
the vaves were classical waves, the sjuare of the wave heipght would
% proporticmel to the potential emergy per unit area of the saa
purface. Sinca the waves are simnificant waves, the square of Lhs
sipnificant heights is an over estimple of the wave enorgy and may
bs in arror as shovn in Section 2. On the other hand, in Section &
the significant waves far multiple velusd forecasts pcombined as if
the wave heights were clossly related to the wave energy, and the
error may not be too zreat on an averags basis,

The deep water wave direction was lmown from the forecast
data, The forecasted desp water wave heisht before refraction was
also known, The wave heirhts as forecasted for four-hour intervals
wers tabulated according to direction within the accuracy of ths
weather data to the nearest sixteen noints of ths wmpass, THach
deep watar wave height was squared and the sum of all the syuarss
for 2 given direction was computed. Fipure 27 shoys the perdent-
ame of total wave energy which traveled toward Lone Branch along
sach reportsd direction. About 24 per cent of the wave enerpgy is
approximately neutral. 33.4 per cent would produce soubhward
Ilittoral currents and 42,6 per cent would produse northward littoral
surrents.

Figure 27 dos2 not represent snergy flux toward the coast, If
the waves were classical waves, each height could have been waightsd
by the mave perjod and the enerpy flux in deep walar would havs
bzen proportional to HET, but since suwch considerations have notb
Leen ehomn to apply to significant waves, such a computation was
not made., Figure 27 does however, suggest that the net littoral
current was northward at Long Pranch during the period of study.

411 of the daba presented in this section substantiated ths

conclusions and obeervations which have bsen presented by Wicler(10).
Wicker makes the following points in the above refsrenze vhich ars
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pertinent to this discussion.

1. "The data-——{on Atlantic Gity, Coesan Mity, Wldwood and
Cape May)--show that waves approach thase beschas from
diregtions north of pormal te tha reneral set of tha shore
line much more often than from points south of the normal."

2. "It may e inferred that the northeast =well i con-
siderably reduced in significance in Northern New Jarsey due
to the les provided by Long Island, also that Lhs scutheast
swell is likely to impinge en the beach at an angls Yo the
south of mormsl to the northern New Jersey shore lire."

3¢ "applylng this te the New Jersey coast, it is seen
that a3 wave induced littoral curvent flowing towards New York
Harbor is likely to be sncountered north of Barnegat Inlei,
and that a similar current seliling towards Delawars Bay
«should exist south of Barnegat Inlet, Direct observations
‘covering = considerable pariod are availabls at Atlantic City,
where a vecording current veleociby and direction apparatus
was maintained in cperation for zbout two years, The data
obtaired showed the exdistence of 2 non-tidsl currsnt gonerally
flowing toward Cape May."

Le "Ths forces that generate the littoral drift are such
that its predorinant or resultant directicn of movement is
northward te the northern extremity of Sandy Hook from an arsa
(somebimas callad the 'nods') betwesn Manasquan River and
Barnegat Inlet, and southvard from the nede to the tip of Caps
By."

One finel comment on the overzll problem of beaach ercsicn is
that the theory is purely qualitative and that it needs to be mads
quantitative. In the opinion of the author, the concapts of =signi-
ficant height and significant period arg not aceurats enocugh to
permit quantitative resulis on the energy flow with the waves
refraction, diffraction, and sand transport.

Sspticon 11, Conclusions and Recommendations

hecuracy of Forsgast Methods: The forecast techniquas which
vere amployed wers designed to test the Sverdrup-Munk theory, the
theory of variability in wave direction, and the decay in fetch
method, An attempt to eliminate the srrors which would entsr be-
causg of inadsqunte weather data was mads by fitting the observed
heights to the forscasted heights as accurately as pessible,

Thers were a mumber of sitwations in which multiple wavesa vers
forecast, Statistically the squars root of the sum of the squarss

of the significant heights is mors adcurate than ths sum of the
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signiticant heights as a forecast of the obhserved significant heights.

Phe Sverdrup-Mank method, either combinzd with or separated
from the decay in fetch methed, does not verify with respect to fore-
casted significant periods, Jreater acocuracy is obtained by fore-
pasting the mean annusl observed significant period. It follows
that the descay in letch method will not verify with respect to fore-
casted significant pericds sither,

The concept of the variability in direction of wave travel as
developed by Arthur was most helpful in explaining the observed wave
haights, The forecasting graph which was presented resultad in such
small purcenbage changas in the forscasted sisnificant wave pericds
for the range of values which occurred, that no attempt was made to
verify its accurscy by separating those [lorecasts which dapended on
the matihod frow those forecasts vhich did net depend on the method.
The error in the overall method is so great that whatever ascuracy
this graph may have is probably completely msked.

hetual test forscasts for Long Rranch without foreknowledgs
of the astual significant wave heights and significant wave periods
are baing complated, From them, it will be possible %o discuss
the errors in the forecasted height,

An attempt te verify the refraction diagram presented in the
previous report was made., The errors in the forscasted significant
period cause errors in the significant heights after refraction of
the sams percentapge order of mgnitude as the errors in the fors-
casted significant periods, Therefore, the refraction diagram
could not ba verified. The attempt to verify ths refrastion diagram
vith only forscasted significant values in deep water might be
compared to an attempt to measure the diareter of a dime with an
uncalibrated yardstick,

 Usefulness of the Forecast Methods: The forecast methods
studied herein are useful in many applications. However, any situsa-
tisn which depends critically upon accurate wave periocds cannct be
adeqmtely forecasted, Ths sucessaful solution of more intricate
problems connected with ocean waves (smh as beach ercsion) in the
opinion of the snthor must await better methods. Hindcasts basad
upon the methods for the purposs of collecting statistical data for
a given beach may not be accurate snough or detailed enough to
warrant the effort,

hpplications to Peach Erosion; The large scals featurss of
the littoral currents on the New versey coast and the Long Island
coast have been explained qualitatively., The waves from an east
coast storm ssem to be the most important singls factor in the
study of srosion in the area considared.
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Recommendationg, The results of this study in the opinion of
the author maks it svident that betier methods of wave analysis which
will eliminate the concepts of significant period end significant
height are needed, Bettier observations at more points on the Hew
Jersey and lLong Island coasts and in deep water will yield more
reliable data than hindcasts, Numbsrs which stand for something
precise are dasparately needed,
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